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CHAPTER 1 
INTRODUCTION 
Nuclear Magnetic Resonance, NMR, has developed during the last 35 years, 
into perhaps the most popular spectroscopic technique in chemistry. This 
popularity is reflected in the large number of scientific publications in 
which NMR results are presented. More than 5000 papers appeared in 1978 and 
new developments and applications continue to appear at a rate that shows no 
sign of slowing down. 
The first successful proton NMR experiments were carried out in Stanford 
by Bloch and coworkers on liquids [ 1 ] , and independently, at Harvard by 
Purcell and coworkers on solids [ 2 ] . Since then, liquid state NMR rapidly 
developed into the popular and powerful spectroscopic technique that it is 
nowadays. Major breakthroughs in NMR came with the advent of Fourier Transform 
NMR spectroscopy and the construction of superconducting magnets, supplying 
the user with high and homogeneous magnetic fields. Thus it became possible 
to obtain NMR spectra of less receptive nuclei such as carbon-13, having a 
natural abundance of only 1.1% and a small gyromagnetic ratio (γ /γ, = 3.976), 
Η Li 
and nitrogen-15, which is even less receptive. An interesting account on the 
historical developments of NMR is given recently by Jonas and Gutowski [ 3 ] . 
Although the first NMR experiments were carried out, almost simultaneously, 
on solids as well as liquids, NMR of liquids developed much more rapidly than 
NMR of solids. This is due to the great difference in the natural linewidths 
of the resonance lines involved. Resonance linewidths of solutions are typically 
of the order of 0.1 - 1 Hz, whereas those of solids can be as much as 100 kHz! 
This difference in linewidths arises from a phenomenon called motional 
averaging, generally taking place in liquids but not, or little, in solids. 
1 
The various interactions, determining the NMR spectrum are anisotropic. These 
anisotropies result, in powders, in a spread in resonance, or Larmor precession 
frequencies, thus giving rise to broad "powder patterns". In liquids, however, 
molecular dumbling causes incoherent modulation of these interactions and the 
corresponding NMR spectra can be described by a motionally averaged Hamiltonian, 
characterized by the traces of the various interactions. Accordingly, there is 
no spread in precession frequencies of identical spins and narrow lines are 
observed, enabling one to measure isotropic chemical shifts and spin-spin 
coupling constants with great accuracy. These parameters contain useful 
information about the structure of the molecules. Additionally, spin-lattice 
relaxation parameters can be measured of individual spins yielding a wealth 
of information about molecular dynamics of the systems under study. Clearly, 
NMR spectra of solids contain in principle more information than NMR spectra 
of liquids since the former are described by the full anisotropic Hamiltonian, 
whereas the latter reflect the isotropic part only. It is really the extraction 
of information from solid state NMR spectra which presents formidable problems 
to the spectroscopist. Small interactions for example can be overshadowed by 
larger, les interesting, interactions. For instance, valuable information 
about the electronic structure of a molecule is contained in the chemical 
shielding tensors of the magnetic nuclei in this molecule. Unfortunately the 
measurement of these tensors is hampered by the presence of dipolar interactions 
between the nuclei, resulting in very broad resonances, obscuring the anisotropy 
in the chemical shielding. 
Evidently, a wealth of experimental data could be obtained from solid 
state NMR if one were able to manipulate, or soft out, the various interactions 
responsible for these spectra, thus supplying the spectroscopist with "High 
Resolution Solid State NMR Spectra". The first steps towards High Resolution 
Solid State NMR were made, independently, by Andrew and coworkers [4 ] and 
2 
Lowe [5 ] , who introduced a technique known as "magic angle spinning". In 
these experiments the sample is rapidly rotated around an axis which makes an 
angle of 54044' with the magnetic field, the so-called magic angle. It was 
shown, theoretically as well as experimentally, that this coherent "motion" 
has the same effect upon the anisotropic Hamiltonian as the random incoherent 
motions taking place in solution, i.e., a narrowing of the resonance lines, 
provided the sample rotation frequency is high enough. 
Another approach towards High Resolution Solid State NMR is the manipulation 
of the various interactions in spin space rather than coordinate space. In this 
approach, pioneered by Waugh and coworkers [ 6 ] and Mansfield [ 7 ] , narrowing is 
achieved by coherent averaging of the Hamiltonian by means of rf techniques, 
nowadays known as multiple pulse NMR. Whereas magic angle spinning, at least 
in principle, averages all anisotropic interactions, multiple pulse sequences 
can be designed in such a way as to remove one interaction; for instance the 
dipolar interaction, while retaining others, for instance the anisotropy in 
the chemical shift. Both magic angle spinning and multiple pulse techniques 
have their advantages and drawbacks. Multiple pulse techniques require high 
power homogeneous rf fields, and carefully prepared samples, whereas magic 
angle spinning requires very stable high speed rotors. 
Truly high resolution solid state NMR came of age with the introduction of 
the "cross-polarization magic angle spinning" experiment, first successfully 
demonstrated by Schaefer and Stejskal [8 ] . In these experiments a rare spin, 
usually carbon-13 , is observed while irradiating the abundant spins, usually 
protons, with a high power resonant rf field, thereby eliminating broadening 
of the rare spin resonance due to dipolar coupling with the abundant spins. 
At the same time the sample is spun around the magic axis, thus eliminating 
braodening due to anisotropy in the chemical shift. Sensitivity is enhanced by 
a double resonance technique, introduced by Pines, Gibby and Waugh [9 ] , 
3 
nowadays known as cross-polarization. With this combination of techniques 
"liquid-like" NMR spectra can be obtained from a large variety of solid 
substances, including organic compounds, solid polymers, transition metal 
complexes, etc. 
In this thesis, a variety of experimental results, obtained with the 
cross-polarization magic angle spinning technique are presented. 
High Resolution carbon-13 solid state spectra and carbon-13 spin-lattice 
relaxation times have been measured of some solid polymers. They provide use-
ful information about the structure of these polymers. Additionally, information 
about the complex molecular motions in these compounds can be obtained. 
The great utulity of the cross-polarization magic angle spinning technique 
in the study of transition metal complexes is demonstrated in chapter 9 
where high resolution solid state phosphorous-31 NMR spectra are presented 
of some triphenylphosphine complexes. Quadrupole effects, observed in phos-
phorous-31 high resolution solid state NMR spectra of triphenylphosphine 
copper(I) complexes are dealt with in chapter 10. 
References 
1 F. Bloch, W.W. Hansen and M. Packard, Phys. Rev., 69, 127 (1946). 
2 E.U. Purcell, H.C. Torrey and R.V. Pound, Phys. Rev., 6JJ, 37 (1946). 
3 J. Jonas and H.S. Gutowski, Ann. Rev. Phys. Chem. , 3J^ , 1 (1980). 
4 E.R. Andrew, A. Bradbury and R.G. Eades, Nature 182, 1659 (1958). 
5 I.J. Lowe, Phys. Rev. Lett., 2, 285 (1959). 
6 E.D. Ostroff and J.S. Waugh, Phys. Rev. Lett., j_6, 1097 (1966). 
7 P. Mansfield and W. Ware, Phys. Lett., 22, 133 (1966). 
8 J. Schaefer and E.O. Stejskal, J. Am. Chem. Soa., 98, 1031 (1976). 
9 A. Pines, M.G. Gibby and J.S. Waugh, J. Chem. Phys., 59, 569 (1973). 
4 
CHAPTER 2 
SOLID STATE NMR 
Interactions and techniques 
In this chapter we shall discuss some interactions, responsible for the 
broadening of NMR resonance lines in solids and some methods to suppress this 
broadening. We will limit ourselves to a discussion of the most common sources 
of line broadening, i.e. the dipolar interaction and the anisotropy in the 
chemical shift, and to the techniques employed in the experiments described 
in this thesis, i.e. magic angle spinning, dipolar decoupling, and cross-
polarization. For other aspects of solid state NMR, and a more thorough 
treatment of the material discussed here, the reader is referred to the 
monographs of Haeberlen [ 1 ] and Mehring [ 2 ] . 
2,1 Nuclear spin interactions and magic angle spinning 
We shall start with a discussion of the dipolar interaction between 
nuclear spins. This interaction is usually the dominant source of line 
broadening and historically the first interaction attacked by high resolution 
solid-state NMR spectroscopists. For N spins the dipolar contribution to the 
Hamiltonian is given by: 
- , 3(I..r..)(I..r..) 
3 C = Σ γ.
γ
.ί.
2
Γ
:
3[ΐ. . ΐ. 1 ^ . J Ч ] (1) 
d
 i < j ^ J IJ ι J - 2 r. 
1J 
For two spins this expression simplifies to 
к
 h
2
-
3 r Ï ΐ 3(i1.r12)(i2.r12) 
Κ
ά
 m Y l Y 2 h rl2 [î| · Ч 2 ] ( 2 ) 
r12 
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where γ and γ are the gyromagnetic ratios of I and Í respectively and 
r „ is the internuclear vector. Expressing r in the polar coordinates (Θ,^,Γ) 
yields : 
fj = Y1Ynfl2r 3(A + В + С + D + E + F) (3) 
d 1 ¿ 
(4) 
with the "dipolar alphabet" given by: 
A = I, I- (1 - 3cos Θ) 1 ζ 2z 
В = -1/4 (l|l2 + ι,ι^Ο - 3cos2e) 
С = -3/2 (I Д 0 + I, І^)зіп соз е ^ 1 /z 1 ζ ζ 
— — +1*^ 
D = -3/2 (!,!„ + I, І0)БІп соз е 12z 1 ζ ζ 
E = -3/4 \1 sin2Öe 21^ 
- - 2 +2i^ 
F = -3/4 I I sin е ψ 
The NMR spectrum is in principle calculated by treating UC as a perturbation 
d 
on the Zeeman term 
\ - - \ y^i-% ( 5 ) 
where В represents the externally applied magnetic field. For two spins we 
get 
-^-W -^Wo (6) 
It is easily seen that, in first order, only A and В contribute to the spectrum 
6 
if γ = γ9. For unlike spins (γ φ γ_) only A has to be taken into account. 
Omitting irrelevant terms from the dipolar Hamiltonian is known as truncation. 
Thus for N like spins we have for the truncated dipolar interaction: 
X = 1/2 Σ
 Ύ
.γ.Λ
2
Γ.
3(ΐ..ΐ. - 31. I. ).(Зсоз2 .. - 1) (7) 
d i < j ι J 1J ι J iz jz' ij 
where we retained both A and В terms. 
The dipolar Hamiltonian becomes time dependent whenever molecular motions 
take place. Assuming rigid molecules, in which г.. is constant, we see that 
2 
the time dependence is contained in the angular factor (3cos .. - 1). Whenever 
rapid motions, on a NMR time scale, are involved a time averaged dipolar 
interaction determines the NMR spectrum. We replace (7) by: 
di. = 1/2 Σ Y.Y.h2r7?(I..I. - 31. I. ) < 3cos2e.. - 1 > (8) d i < i ι J ij ι J iz jz ij 
2 
where < 3cos Θ.. - 1 > denotes an average value over the motion. Since the 
1J _ _ 
2 
isotropic average of cos Θ.. = 1/3 rapid isotropic molecular motions result in 
a zero average of the dipolar Hamiltonian. Consequently rapid isotropic motions 
eliminate the effects of dipolar interactions upon the NMR spectrum. 
In a rigid lattice, however, Θ.. is constant and the dipolar interaction 
ij r 
will result in a splitting of the NMR resonance line. This splitting is angular 
dependent and allows, at least in principle, the determination of internuclear 
distances from single crystal studies. In practice isolated spin pairs are not 
frequently met with and complicated spectra will result. In polycrystalline 
samples broad resonances will be observed: every orientation Θ.. gives rise to 
a different splitting and a "dipolar powder spectrum" will result. The widths 
of these powder spectra can be of the order of 10 to 50 kHz. 
The averaging process due to rapid isotropic molecular motions, such as 
7 
taking place in liquids, is an example of incoherent averaging, that is 
2 . . 
(3cos Θ.. - 1) fluctuates randomly, its isotropic average being zero. Clearly, 
rapid sample rotation around a fixed axis, results in a periodic ("coherent") 
2 
modulation of (3cos Θ.. - 1). A suitable choice of the orientation of the 
ij 
rotation axis with respect to the magnetic field can result in a zero average 
2 
of the factor (3cos Θ.. - 1). This is achieved by choosing the angle β between 
the magnetic field and the rotation axis equal to arceos (1/3 ^З) = 5A044'. In 
that case the average angle between each internuclear vector г.. and the magnetic 
field, < .. > , equals arceos (1/3 /3) and the dipolar interaction will be 
averaged out. This method, independently proposed by Andrew et al. [3 ] and Lowe 
[4 ] is known as magic angle spinning. In order to effectively average out 
dipolar interactions by magic angle spinning the spinning frequency should exceed 
the dipolar linewidth of the static sample. This requires spinning frequencies 
up to 50 kHz in unfavourable cases. A great deal of attention has been given to 
the design and construction of stable high speed rotors. In practice, however, 
spinning frequencies are limited to a few kHz. An example of such a rotor, or 
"spinner", is described in chapter 5 of this thesis. The routine application 
of magic angle spinning, aimed at eliminating dipolar interactions in solids, 
is therefore limited to samples where the static dipolar linewidth amounts a 
few kHz only. 
Magic angle spinning, however, not only averages out line broadening due 
to anisotropic dipolar interactions, but also broadening caused by, e.g., 
anisotropy in the chemical shielding. This anisotropy arises from a non-spherical 
electron distribution surrounding the nucleus. This means that the resonance 
frequency depends on the orientation of the molecule with respect to the magnetic 
field. The combined Zeeman-chemical shielding Hamiltonian is given by: 
M=K + Jf = -
Σ γ
 .hi. .5 + Σ y.hî..a..î (9) 
ζ CS ^ і і о £ ΐ ι ι ο 
where σ. denotes the shielding tensor. In general σ. is neither traceless nor 
symmetric. The antisymmetric part, however, has negligible effects on the 
spectrum [ 1 ] and can be ignored. Thus, in the strong field approximation, 
with the z-axis along Β , we have 
X = - Σ γ.hi. Β + Σ γ.ho. Ι. В (10) 
• ' · •* " • ι izz iz о 
For simplicity we will consider only one nuclear spin: 
*С5 " ^ z z V o ( 1 1 ) 
We can express σ in the principal values σ (ρ = 1,2,3) of the chemical 
shielding tensor and the direction cosines λ of its principal axes with 
-* . . . . . 
respect to В . This gives for the chemical shielding Hamiltonian 
3f = yhl Β ΐ λ2σ (12) 
CS ζ о
 р
 ρ ρ 
2 
Since the isotropic average of each λ equals 1/3, the average value of Jf 
can be written as 
К,, = yhl В 1/3 Σ σ 
CS ' ζ ο ρ 
-*-
= yhl В 1/3 Tr σ (13) 
zo 
= yhl Β σ. 
Ζ Ο ISO 
In other words in solutions, where rapid isotropic motions take place, a single 
(narrow) resonance is observed, its position given by the isotropic chemical 
shift, σ. 
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The effect of magic angle spinning upon broadening due to chemical shift 
2 
anisotropy is not immediately obvious, since the factor (3cos θ - 1) does not 
appear explicitly in the equations above (like it did in the case of the 
dipolar interaction). Therefore we express the direction cosines λ in terms 
of 6, the angle between В and the rotation axis, and the angles χ between 
the rotation axis and the principal axes of the chemical shielding tensor: 
λ = cosgcosY + singsiny cos(ü) t + ψ ) (14) 
ρ Ρ Ρ г 'ρ' 
where ω is the angular rotation frequency and ψ a phase angle. Recalling 
σ = Σ λ
2
σ (15) 
zz η Ρ Ρ 
we find for the time average σ : 
0
 zz 
σ = 3/2 asin2B + l/2(3cos2B - 1) Σ σ cos2x (16) 
z z
 π Ρ Ρ 
whereσ= о. = 1/3 Tr σ. This equation reduces to 
ISO ^ 
σ = σ. (17) 
zz iso 
2 if g equals arceos (1/3 Λ ) , i.e., if 6 is the magic angle (for which sin β = 
2/3). Thus, we see that magic angle spinning also removes broadening due to 
anisotropy in the chemical shift. 
Similar calculations can be carried out on anisotropic indirect nuclear 
spin-spin couplings and first order quadrupole interactions. Broadening due to 
these interactions is eliminated too by magic angle spinning. Apparently 
broadening due to anisotropy of a wide variety of nuclear spin interactions 
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is removed by magic angle spinning; a highly astonishing result for unspoiled 
minds! The reader interested in removing the magic from magic angle spinning 
is referred to Haeberlen's book [ I ] , where it is shown that all interactions 
mentioned above can be cast in a common form in terms of irreducible spherical 
tensor operators having certain transformation properties of which a clever 
use is made in magic angle spinning. 
Magic angle spinning is only one example of the techniques available to 
the solid state NMR spectroscopist. Other methods to achieve line narrowing 
are based upon the fact that time dependencies can be introduced in the spin-
parts of anisotropic interactions responsible for broadened resonance lines. 
We will discuss some of these techniques in the next section. At this point 
we note that it is possible to combine several techniques, for instance pulse 
techniques aimed at eliminating broadening due to dipolar interactions with 
magic angle spinning, which removes "residual" broadening due to, e.g., 
anisotropy in the chemical shift. 
Interestingly, magic angle spinning aimed at eliminating broadening due 
to anisotropy in the chemical shift, does not require spinning frequencies 
which exceed this anisotropy! It can be shown [ 3 ] that slow spinning at the 
magic angle results in an NMR spectrum consisting of narrow lines corresponding 
to the isotropic spectrum, accompanied by "spinning sidebands" (replicas of 
the isotropic spectrum) at frequencies v. ± n.v where η is an integer, Γ
 ι- / ι
 l s o r о 
v. the frequency corresponding to the isotropic chemical shift and ν the 
sample rotation frequency. These sidebands (which can be used to extract 
information about the chemical shift anisotropy [3,4 )), however, sometimes 
overlap "isotropic" lines. Moreover, the signal intensity is "distributed" 
over the isotropic spectrum and the sidebands. Consequently, in general, it 
is desirable to rotate the sample as fast as possible. This not only decreases 
the number of (visible) sidebands, but also their intensity. 
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2.2 The rotating frame; averaging in spin space 
Classically, a magnetic moment M experiences, in a magnetic field В, a 
torque M « В, equal to the rate of change of its angular momentum h dl/dt 
(see e.g. Abragam, ref. 5, Chapter 2). Since M = γηΐ we obtain for the equation 
of motion: 
^ = γ Μ χ Β (18) 
dt 
We define a frame of reference S' rotating (around B) with angular frequency 
ω. The time derivative dA/dt of any vector A(t) in the laboratory frame S is 
then related to the time derivative 3A/3t in S by: 
Thus the equation of motion for the magnetic moment M in the rotating frame 
becomes : 
-^ =
 Ύ
Μ χ (Β + ω/γ) (20) 
Thus, in the rotating frame the magnetic moments precess around an effective 
field: 
Î = Β + (ω/γ) (21) 
Clearly, the effective field В vanishes in a frame, rotating with an angular 
frequency ω = -γΒ with respect to the laboratory frame; M appears stationary 
in this rotating frame. We now consider the situation that the total field В 
12 
consists of a static field B. (in the z-direction) and a magnetic field Β , 
perpendicular to В., rotating with angular frequency ω. The effective field 
in the rotating frame is then given by 
В = (В. + ω/γ)ζ+ Β.χ (22) 
e U I 
If the angular frequency ω equals - Ύ Β the first term vanishes and M will 
precess around Β χ, i.e. the x-axis of the rotating frame. 
This shows that the motion of the spins can be manipulated by means of 
time dependent magnetic fields. In other words nuclear spin interactions can 
be made time-dependent! As an example we consider the secular part of the 
heteronuclear dipolar interaction: 
3fd = -ïjYgh^ 3IzSz(3cos2e - 1) (23) 
Broadening of the S-spin resonance, due to dipolar coupling with I-spins can 
be removed, as discussed earlier, by magic angle spinning, resulting in a 
zero time average of the spatial part. Clearly a zero time average of < I > 
also suppresses dipolar broadening. This can be achieved by irradiating the 
I-spins with a resonant rf field, perpendicular to the static magnetic field. 
In practice one is dealing with oscillating fields rather than rotating fields. 
An oscillating field 2B cosut in, say, the x-direction can be seen as a 
superposition of two fields rotating around the z-axis in opposite sense, i.e. 
with frequencies ~γ
τ
Β
η
 and +γ В.. As discussed above a field В rotating with 
a frequency -уВ
п
 results in a precession of the spins around Β , i.e. around 
the x-axis of the rotating frame. The effect of the counter rotating field can 
be ignored since it is off-resonance by an amount 2γ B-. Consequently the z-
component of I varies sinusoidally and the time-average < I > equals zero 
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(when irradiated at exact resonance). In order to effectively remove dipolar 
broadening of the S-spin spectrum due to dipolar coupling with I-spins, the 
amplitude of the rf field should be larger than the I-spin dipolar linewidth 
(in frequency units). This simple experiment is nowadays known as (high power) 
dipolar decoupling. It also removes scalar splittings (J-coupling between I 
and S) from the S-spin spectrum. Broadening due to anisotropy in the S-spin 
chemical shielding is not removed, of course, by irradiating the I-spins. 
Dipolar decoupling is only one example of "averaging in spin space". 
Many other experiments, for instance aimed at eliminating homonuclear broadening 
from the NMR spectrum, have been devised. Unlike magic angle spinning, most of 
these "multiple-pulse" techniques are selective, that is they remove broadening 
due to one type interaction only. For a detailed discussion of these techniques, 
which employ (short) rf pulses of certain phase and amplitude, the reader is 
referred to the books of Haeberlen [ 1 ] and Mehring [ 2 ] . 
2.3 NMR of dilute spins, cross polarization 
-3 
The interaction energy between two magnetic moments depends on r , where 
r is the distance between these moments. Consequently little dipolar broadening 
is expected from distant nuclei. This invites the study of (magnetically) 
dilute spins, for instance carbon-13. The low natural abundance of carbon-13 
(~1%) results in very small dipolar couplings between these nuclei and little 
broadening of carbon-13 resonance lines, due to dipolar couplings with other 
carbon-13 nuclei, is expected. Since most carbon nuclei, in organic compounds, 
are directly bonded to protons, severe broadening of the carbon-13 resonance 
is expected from carbon-13 proton dipolar interactions. This hetero nuclear 
dipolar broadening, however, is easily removed by proton dipolar decoupling as 
discussed above. Remains the severe problem of low sensitivity, due to the 
14 
small gyromagnetic ratio of carbon-13 nuclei (γ„/γ_ * A) and the low natural 
Η С 
abundance. The sensitivity problem was attacked by Pines, Gibby and Waugh [6 ] 
in an experiment, nowadays known as the cross polarization experiment. These 
authors realized that the dipolar interaction between carbon-13 nuclei and 
protons, annoying in the sense that it broadens the carbon-13 resonance line, 
can be used to create an enhanced carbon-13 (transverse) magnetization. The 
cross polarization experiment (to be described later) employs the observation 
that nuclear spins in a rigid lattice can exchange energy through "flip-flop 
transitions". These flip-flop transitions are energy conserving whenever like 
spins are involved, that is, these transitions are not accompanied by transfer 
of energy from the spin system to the lattice, or vice versa. Flip-flop 
transitions arise from the B-term of the dipolar interaction, which is secular 
for like spins. The probability of flip-flop transitions involving unlike 
spins is very small in rigid lattices, since these transitions require transfer 
of energy from the spin-system to the lattice (or vice versa), a very inef­
ficient process in rigid lattices (long spin-lattice relaxation times!). This 
probability can be greatly enhanced, however, in a double resonance experiment, 
involving irradiation of both I- and S-spins with resonant rf fields, devised 
such that flip-flop transitions involving one I- and one S-spin are energy 
conserving. Such a situation arises when the amplitudes of the respective rf 
fields В and В fulfill the relation 
W = Vis (2A) 
the Hartmann-Hahn condition [6,7 ] . In that case the I- and S-spins precess 
around В and В with the same (rotating frame Zeeman-) frequency. In other 
words they behave as "like spins" and energy can be exchanged between I- and 
S-spins. The cross polarization experiment is carried out as follows. First, 
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the (abundant) I-spins (usually protons) are allowed to polarize in the 
external magnetic field (in the absence of rf fields). This magnetization is 
rotated to the x-y plane by means of a 90° pulse. Then the phase of the rf 
field is changed (by 90°) such that the I-spin magnetization is aligned with 
В . Such a situation is referred to as "spin locked" magnetization. Since 
B
n
 is normally much larger than В (a factor 1000) the spin locked magnetization 
is much larger than the rotating frame equilibrium magnetization, in other 
words a non-equilibrium state is created. We now apply a second rf field 
resonant with the ( usually dilute) S-spins, such that the amplitudes of the 
rf fields fulfill the Hartmann-Hahn condition. Flip-flop transitions, involving 
one I- and one S-spin are now energy conserving. Rotating frame S-spin magne­
tization (along B. ) builds up and I-spin magnetization (along B. ) decays. 
Of course I-spin rotating frame magnetization can also decay through spin-
lattice processes (involving energy exchange with the lattice) and does. As 
mentioned before, however, spin-lattice processes in rigid lattices are less 
effective as spin-spin processes (energy conserving flip-flop transitions) and 
a net S-spin magnetization will be built up in the rotating frame. Neglecting 
(rotating frame) spin-lattice relaxation processes completely one can show 
(see appendix) that the final S-spin (rotating frame) magnetization, created 
by the cross polarization, is given by 
M ^ p = ^ ( . . ε ) "
1
 М^ (25) 
g 
in which M- represents the S-spin equilibrium magnetization that builds up m 
a static magnetic field ( m the absence rf fields). The number ε is simply the 
ratio of the number of S- and I-spins, respectively. The S-spm (transverse) 
magnetization is detected after the S-spin rf field is switched off. Of course, 
the I-spms are irradiated during acquisition of the S-spins free induction 
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decays, in order to remove broadening of the S-spin spectrum due to dipolar 
coupling with I-spins. It is important to realize that the S- and I-spins are 
not decoupled (completely) during cross polarization, when both spins are 
irradiated. Decoupling is achieved only if one of the spins is irradiated. In 
fact, cross polarization only works because of this very fact! 
According to equation (25) a maximum enhancement of ~ 4 can be obtained 
for carbons cross polarized by protons (ε ^  1 and Y U / Y „ ^
5
 4). Smaller enhance-
ments result for smaller ratios Υ
τ
/ϊ
ς
 and/or larger values of ε = Ν /Ν . It 
frequently occurs that the abundant I-spins have much shorter relaxation times 
than the (dilute) S-spins. In that case the cross polarization method has 
another advantage over conventional 90° pulses: a more rapid accumulation of 
S-spin free induction decays becomes possiblel 
Appendix 
Spin temperature 
Consider an ensemble of N non-interacting spins I = 1/2 in a magnetic 
field В.. In general the populations of the two energy levels will be different: 
N in the lower state and N in the upper state, with N = N + N_. At thermal 
squilibrium the ratio N /N_ is given by the Boltzmann law: 
N
+
 |γ
Γ 
hBl 
N е х р П О — (AI) 
In order to be able to deal with "non-equilibrium" populations it is convenient 
to introduce the concept of a spin temperature Τ , which is, in terms of 
populations defined through 
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N
+
 | 7 lhB| 
ΪΓ
 =
 e x p
 - И Г
 ( Α 2 ) 
Τ is not necessarily equal to the lattice temperature Τ . Since |у^в|<|кТ | 
J. L X 
we expand (A2): 
N
+
 | Y lhB| 
Ν = '
 +
 -ΊΕτΓ
 (A3) 
In practice we are interested in the macroscopic magnetization, rather than 
populations. From (A3) and the relation 
N + N_ = N (A4) 
we obtain 
\УМ\ 
N = 1/2 N { 1 2kT 
(A5) 
N = 1/2 N { 1 + 2kT 
The magnetization M = (N - N_).l/2 γ h is then given by 
2 2 
Νγ fi В 
м
і
 =
 -Ί^
 Ξ с
і
в / т
і
 ( А 6 ) 
С is called Curie constant. The magnetization M is directly proportional to 
the magnetic field B, and the inverse temperature β = Τ : 
Mj. = ej.Cj.B (A7) 
The magnetic interaction energy is given by 
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Ej. = -Mj. . В = -Pj-CjB2 (A8) 
Pines-Gibby-Waugh cross polarization experiment 
We start with polarizing the I-spins in an external static magnetic field 
В . After equilibrium with the lattice is reached the I-spin magnetization is 
given by 
M? = W o (A9) 
where β is the lattice temperature. Next, this magnetization is rotated to 
the x-y plane (by a 90° pulse) and spin locked (by a 90° rf phase shift). We 
introduce the inverse spin temperature in the rotating frame f? by writing 
Mï= e0 CI BlI (AIO) 
From (A9) and (AIO) we obtain: 
30 = fW 8!^ (A11) 
The magnetic interaction energy is thus given by: 
E = -ß^Bfj (AI2) 
In the PGW double resonance experiments I-spins and S-spins reach internal 
equilibrium through I-S flip-flop processes, i.e. a common spin temperature 
β , before equilibrium with the lattice is reached. Conservation of (spin-) 
energy then yields the equation: 
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Лс
і
в
а
 =
 -
3 I C I B Î I - 3 i c s B í s 
where it has been assumed that the initial S-spin inverse spin temperatu 
zero. Substituting the Hartmann-Hahn condition 
VII = VIS 
gives: 
3, = ß0(l + ε ) ~ 1 
where 
ε = YI
2CS/Y^CI = Ks/h 
The S-spin magnetization M is given by: 
M
s • ßlCSB]S 
Using (Al4): 
Ms • e.cs(VYs)B.i 
and ( s u b s t i t u t i n g (A15)): 
Ms = V 1 + ε Γ ΐ C S ( Y I / Y S ) B I I 
Recall (All) and s u b s t i t u t e : 
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M
s
 = (Yl/Ys)(l + ε)"' eLCsB0 (A20) 
Thus we obtain for the enhancement factor: 
(Yj/YgHl + e)"' (A2]) 
since β С В represents the (Boltzmann) equilibrium magnetization in the 
laboratory frame. 
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CHAPTER 3 
NUCLEAR MAGNETIC RELAXATION 
In this ahapter we shall discuss some aspects of nuclear magnetic relaxation. 
V/e limit ourselves to a discussion of dipolar relaxation in coupled spin 
systems, more specifically in pairs of unlike spins. The dipolar relaxation 
mechanism is the dominant relaxation mechanism in most liquids. Moreover, 
dipolar relaxation is expected to be of major importance in many solids, 
including solid polymers and organic solids. Formulas are presented which 
relate a variety of nuclear spin relaxation parameters with molecular corre­
lation times. The reader is referred to Abragam [ 1 ] for an introduction to 
(and extensive treatment of) some fundamental concepts of nuclear magnetic 
relaxation. 
3.1 Relaxation in a coupled spin system 
The relaxation behaviour in coupled spin systems can be described by a 
(phenomenological) set of coupled differential equations: 
έ
 <
 \ > - - i ( < ^ > - V - i ( < sz > - V 
Tj Tj (1) 
Ä < sz > = - 3s ( < sz > - V - "Sí Í < \ > - V 
1 1 
In these equations < I > and < S > represent the macroscopic (longitudinal) 
magnetization of the I- and S-spins. In and Sn are the (Boltzmann) equilibrium 
magnetizations. The various T. are spin-lattice relaxation times. In the 
following we assume γ / γ , i.e. "unlike" spins. From (1) it is easily seen 
that both < I > and < S > do not, in general, relax exponentially to their 
respective equilibrium values. Instead, a sum of exponentials is required 
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to describe the magnetization as a function of time. Thus 
-λ t -At 
< S > = Sn + c,.e + c0.e (2) 
ζ U 1 Ζ 
where с. and с are determined by boundary conditions, and the λ. are functions 
of the relaxation times: 
\,2- ' ^ l ï T + i s ^ 1/2 { ( - п - - к > 2 + 4 - к i } * ( 3 ) 
τ τ τ τ τ τ 
One can decouple the relaxation behaviour of the S-spins from the I-spins by 
saturating the I-spins. In that case the S-spins relax exponentially, with 
SS 
time constant Ι/Τ. , to an equilibrium value given by: 
Ь ij ^ 
usually written as: 
S 0 (. + n s) (5) 
where η is known as Overhauser Enhancement. So, saturating the I-spins allows 
SS determination of the "direct" relaxation time, Τ. , of the S-spins (and vice 
versa). 
3.2 Dipolar Relaxation in a coupled spin system 
Solomon [2 ] derived a set of differential equations, similar to (1), 
for a dipolar coupled two-spin system, in which the relaxation times are 
expressed in transition probabilities between the (four) Zeeman energy levels. 
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¿ < I z > = - ( W 0 + 2 W . I + W 2 ) ( < I z > - I 0 ) 
- ( w 2 - w 0 ) ( < s z > - s0) 
(6) 
A < s z > = - ( w û + 2wls + w 2 ) ( < s z > - s 0 ) 
-(w 2- W 0 ) ( < I Z > - I 0 ) 
These transitions are induced by time dependent dipolar interactions between 
I and S. W.T and W denote the transition probabilities of one I-spin and 
one S-spin respectively. W. and W are the probabilities of simultaneous I-
and S-spin transitions in which ΔΜ = 0 and ΔΜ = 2, respectively; i.e. αβ ** 8α 
and aa ·«• ßg. The transition probabilities can be calculated using methods 
developed by Abragam and Pound [ 3 ] . General expressions for the W., and 
consequently for the relaxation times T., can be obtained, in which the W. 
are expressed in "spectral densities", J (ω), of the (randomly) fluctuating 
spatial parts of the dipolar interaction. These spectral densities are Fourier 
Transforms of the correlation functions G (τ) of the fluctuating spatial 
parts of the dipolar interaction: 
+ 03 
J (ш) = J G (т)е di (7) 
where G (τ) is defined as: 
G ( I ) ( T ) = < F ( l )(t)F ( l )*(t + τ) > (8) 
Here, the F (t) represent the time dependent spatial parts of the dipolar 
interaction which can be written in the form 
5Cd = Σ F
( l ) A ( l ) , i = 0,±l,±2 (9) 
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w i t h t h e F g i v e n b y : 
(0) 2 3 
F ^ ' ' = (1 - 3cos ) / г 
F 1 - ^ = s i n B c o s e e ' ^ / r 3 (10) 
_ ( 2 ) . 2
o
 - 2 i ^ . 3 
F = s i n е / r 
w i t h F ( l ^ = F*- ^ , and t h e k ^ g i v e n by 
A ( 0 ) = n ^ g h i I
z
S
z
 - 1 / 4 ( I + S _ + I _ S + ) } 
A ( 1 ) = - 3 / 2 v l Y s h { I z S + + I + S z } (11) 
A ( 2 ) = - 3/4 Y I Y s f 4 + S + 
w i t h A = A . The v a r i o u s t r a n s i t i o n p r o b a b i l i t i e s W between two 
s t a t e s к and SL a r e t h e n of t h e form: 
Σ| < к | А ( І > I2 J ( Ì ) ( - M ) ('2) 
The matrix elements < k|A]4 >, к,Я = αα,αβ, etc., are easily evaluated and 
one obtains for the relaxation times: 
ΪΪ = 3/4 Y J : Y V { 1/12 J
( 0 ) ( U l - ω5) + 3/2 Л
( 1 )(
Ш і
) 
+ 3/4 і ( 2 )(ш
І
 + ω 5) } 
- i g • 3 / 4 V s h 2 t ' Ζ 1 2 J ^ C W j . - ü)s) + 3 /2 J ( , ) ( U s ) 
T i (13) 
+ 3/4 Л ( 2 ) (
Ш і
 + Ü>S) } 
І - 4 ϊ - 3M Y 2 ïV ( - ,/,2 J ( 0 ) ( U l - Us) + 3/4 / 2 ) (
Ш і + ω 8 ) } 
1 1 
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where S = I = 1/2 has been assumed. There are about as many definitions of 
the F and A as there are papers dealing with nuclear magnetic relaxation. 
Here the definitions of Abragam [ 1 ] are used. From (13) and (4) we find for 
the Overhauser Enhancement η 
n
s
 = γ" i - 1/12 J ( 0 ) ( W l - ω 5) + 3/4 Л
( 2 ) (
Ш і
 +ω ,,) } / 
S
 (ΙΑ) 
{ 1/12 J ( 0 ) ( U l - ios) + 3/2 J(1)(ü)s) + 3/4 Л
( 2 ) (
Ш і
 + Шд) } 
where the subscript S is added to indicate the enhancement of the S-spins 
when saturating the I-spins. η can be obtained by interchanging the 
subscripts I and S. Similar expressions can be obtained for the transverse 
relaxation times: 
-γ = 3/4
 Y
2 Y 2 h 2 { 1/6 J ( 0 )(0) + 1/24 Л ( 0 ) (
Ш і
 - ω5) + 3/4 J
( 1 ) ( U l ) 
T2 
+ 3/2 .1(1)(ω5) + 3/8 Л
( 2 ) (
Ш і
 + ω 3) } (15) 
S 
T„ is again obtained by interchanging I and S. Note that the spectral 
density functions are even functions i.e. 
J ( 0 ) ( U l - ω 5) = J
( 0 )(u
s
 -
 U l ) (16) 
Bleich and Glasel [ 4 ]calculated spin-lattice relaxation times in the rotating 
frame for a dipolar coupled spin system in an analogous manner with the result: 
4ϊ = V ^ 2 f '/б J^O-JJ) + 1/2* J^CWj. - ω5) 
T1P (17) 
+ 3/4 J ( l ) ( U l ) + 3/2 J
(1)(co
s
) + 3/8 J ( 2 ) ( U l + ω 5) } 
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where ω = γ В , the amplitude (in angular frequency) of the rotating 
component of the oscillating rf field 
В
 f = 2 В cosujt (18) 
In writing (17) it has been assumed that ω.,ω S» ω , allowing the 
approximations: 
j ( l ) ( ü >i " " i ^ = j ( l )< ù ,i + ωιι> = J^teJ (|9> 
ss 
etc. Interchanging I and S yields a similar expression for T.., the S-spin 
spin-lattice relaxation time in the rotating frame. The expressions for the 
various relaxation parameters as presented above are quite general, though 
not very practical. Analytical expressions can, in principle, be derived for 
the spectral densities if a model for the time variation of the F is 
available, that is, a model for the "motion" of the internuclear vectors r... 
If, for instance, random isotropic rotational diffusion is assumed, in which 
the correlation functions G (τ) decay with a single time constant τ , the 
"correlation time", we find for the spectral densities 
(0) _ 2A -6 Tc 
J (ω) = Τ Τ · Γ 
1 5
 χ 4. 2 2 1 + ω τ 
с 
(1), . _ 4 -6 Тс 
J 4 '(ω) = f-r-.r 15 , . 2 2 1 + ω τ 
с 
(2) 16 -6 τ
ε J (ω) = -¡-ζ.τ — 15 , . 2 2 1 + ω τ 
с 
In that case the various relaxation parameters are given by: 
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1 1 2 2 _1_ , с с с ι 
^SS 10 Ύ Ι Ύ 5 6 , , . 2 2 , ^ 2 2 . . ^ , 2 2 ' 
Т. г 1 + (ω - ω ) τ Ι + ω τ 1 + (ω + ω ) τ 1 S i c S c I S c 
I I 2 2 .2 1 , 6 т с τ
ε 
JSï 1 0 ' I ' S 6 L , _,_ . ^ , 2 2 , _,_ , , 2 2 
Τ г 1 + (ω + ω ) τ 1 + (ω - ω ) τ 
1 S i c S i c 
1 1 2 2*2 1 г , , Т с З Т с 
I S = 20 Y I T S h " б { 4 Т с + + „ - - ν - - - .. , , . 2 2 , 2 2 
Τ r 1 + (ω - ω ) τ 1 + ω τ 
2 S Ι с S с 
6τ 6τ 
+ π } 2 2 2 2 
1 + ( ω
Ι
 + ω 5 ) т с 1 + 0 ) ^ 
4τ τ 
1 1 ..2. 2 t 2 1 , с , с 
„SS 20 Y I Y S h 6 { , ^ 2 2 ' . . . 2 2 
Τ г 1 + ω τ Ι + (ω — ω ) τ IP IS с ν S i ' с 
3τ 6τ 6τ 
С С С ι 
+
 2 2 2 2 + 2 2 1 + ω„τ 1 + (ω,. + ω,,) τ 1 + ω
Τ
τ S c I S c I e 
γ 6τ τ 
Ι с с с , , 
^ S Y 2 2 2 2 
'S 1 + (ω + ω ) τ 1 + (ω - ω ) τ I S c I S c 
τ 3τ 6τ 
C
 + ^ + C 2 2 2 2 2 2 1 + (ω - ω ) τ 1 + ω τ 1 + (ω + ω ) τ I S c S c I S c 
and similar expressions for the I-spin relaxation parameters. The dependence 
of some of these relaxation parameters on the correlation time τ is 
с 
illustrated in Figure 1. The parts below the dashed line are of academic 
interest only, since they violate the restriction 
τ < T. 
с ι 
placed on the validity of the various expressions for the relaxation para­
meters. Although isotropic tumbling is a crude approximation for actual 
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Figure 1 Carbon-13 spin-lattice relaxation parameters in С - И pair (С - H 
distance 1.09 A). A: С Τ at 45 MHz,, Б: SC 2^ at 15 MHz, С: 13C Τ with 
ω7 = 100 kHz, D:
 ZC Τ with ω - ZO kHz, E: 12C Τ , F: 13C NOE (= 1 + η) 
at 45 MHz, G: NOE at 15 MHz. The dashed line indicates Τ • - τ . 
г с 
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motions some general conclusions can be drawn. First, Τ and Τ are equal 
for short correlation times. Secondly, molecular motions with correlation 
times of the order of magnitude τ * Ι/ω, where ω is the spectrometer frequency, 
are most effective for relaxation in the laboratory frame, whereas optimum 
relaxation in the rotating frame is expected when τ = Ι/ω., where ω, is the 
с I 1 
amplitude of the rf spin-lock field. Spectral densities have been calculated 
for a variety of motional models, including anisotropic rotational diffusion, 
isotropic rotational diffusion combined with internal rotations, etc. [5-12 ]. 
Reviews on nuclear magnetic relaxation in polymers were written by McBrierty 
and Douglas [ 13 ] and Heatley [ IA ] . Six-fold rotation of solid benzene 
molecules was studied by Gibby, Pines and Waugh [ 15 ] by means of carbon-13 
NMR. Particularly interesting in this study is the observed anisotropy in 
relaxation parameters, that is the relaxation parameters depend on the 
orientation of the molecule with respect to the magnetic field'. 
In the discussion above we emphasized the relation between nuclear 
magnetic relaxation parameters and molecular motions. Clearly motional models 
are required to interpret nuclear magnetic relaxation data. Before interpreting 
the data another important question has to be answered; namely whether the 
measured relaxation data reflect molecular motions or not. This is particularly 
important when analyzing carbon-13 spin-lattice relaxation times in the rotating 
frame. Proton dipolar fluctuations sometimes provide an additional relaxation 
mechanism for spin-locked carbon-13 magnetization. Energy can be exchanged 
between the rotating frame carbon-13 Zeeman systems and the dipolar system. 
In this case the observed decay of carbon-13 rotating frame magnetization 
results from both spin-lattice processes (involving energy exchange with the 
lattice) and spin-spin processes (involving energy exchange with the proton 
dipolar system). These matters will not be pursued here, since these spin-
spin processes are not related with molecular motions. The relative importance 
30 
of spin-spin contributions to carbon-13 rotating frame relaxation can be 
reduced by employing carbon-13 rf fields with an amplitude, much larger than 
the proton dipolar linewidth. More information can be found in recent papers 
by VanderHart, Garroway, Schaefer and Stejskal [ 16-21 ] . 
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CHAPTER Ц 
EXPERIMENTAL METHODS 
4.1 Equipment 
Most NMR studies reported in this thesis were carried out on a double 
resonance spectrometer, home-built around a 4.2 Τ superconducting magnet of 
1 13 31 
Oxford Instruments ( Η resonance frequency: 180 MHz, C: 45 MHz, P: 72 MHz). 
1 13 
Additionally, some experiments were performed at 1.4 Τ (Η: 60 MHz, С: 15 MHz, 
31 
Ρ: 24 MHz). High power transmitters (~150 Watt) provide the necessary rf 
fields (amplitudes of the rotating component: 35 kHz or more) for double 
resonance experiments in solids, e.g. dipolar decoupling and cross-polarization. 
The low field (1.4 T) spectrometer has been described by J. van Dongen Torman 
[ 1 ] . New probes, however, were constructed, since a different type of spinner 
was developed. The high field spectrometer is of a similar design: a fixed 
" 13 31 
proton rf frequency is derived from a crystal oscillator and С (or P) rf 
fields are generated with a synthesizer. The probes, in use, are of the double 
tuned single coil type. The magic angle spinning assembly is described in 
detail in the next chapter. 
4.2 Measurement of relaxation times 
The pulse sequences used for the measurement of relaxation times are 
similar to those commonly used for solution studies, and described in some 
detail in Chapters 6, 7 and 8, where experimental results on solid polymers 
are presented. The measurement of relaxation times involves invariably the 
measurement of magnetization as a function of a variable time τ, for instance 
the length of a spin-lock pulse, in Τ measurements, or the delay between two 
pulses in a T. experiment. To minimize experimental errors, the relaxation 
time measurements were designed such that drift in magnetic field, rf field 
amplitudes, temperature, etc., is averaged over all data points, i.e., all τ 
values. This is achieved by preselecting a series of τ values (the number of 
different τ values is usually an integer multiple of 8), and by automatizing the 
experiment such that one FID is measured for, say, τ , next a FID is measured 
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for τ,, then τ., etc. After one FID is measured for each τ value the 
procedure is repeated. The FID's are added to the corresponding FID's of the 
first run and so on. Thus, such an automatized experiment yields a set of 8 
(or a multiple of 8) FID's, corresponding to 8 τ-values. The FID's are 
Fourier transformed and the relaxation times are calculated from the signal 
intensities as a function of τ. All relaxation experiments described in this 
thesis were carried out in the sense described above. The results are 
reproducible. 
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CHAPTER Ь 
A HIGH SPEED SPINNER FOR MAGIC ANGLE SPINNING NMR* 
P.A.S. van D i j k , W. Schut, J.W.M, van Os, E.M. Menger and W.S. Veeman 
Faculty of Science 
University of Nijmegen 
Toernooiveld, 6525 ED NIJMEGEN 
The Netherlands 
Abstract A high speed spinner for high resolution solid 
state NMR is described. The cylindrical rotor is supported 
by tuo air bearings which makes the orientation of the 
spinning axis independent of small imbalances and rotation 
speed. With compressed air speeds up to 7 kHz have been 
obtained with α φ - 10 mm rotor. 
* Published in: J. Phys. E:Sci. Instrum. 13, 1309 (1980) 
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The removal of line broadening due to chemical shift amsotropy in high 
resolution solid state NMR requires spinning of the sample around an axis 
making the magic angle (= 540A4') with the external magnetic field (Andrew 
1972, Lowe 1959, Schaefer et al. 1975). 
Rotating the sample at a frequency ω transforms a chemical shift 
К 
anisotropy pattern into a narrow centerband at the isotropic chemical shift 
position and side bands at distances ± ηω (η = 1,2, ...) from the centerband. 
К 
The intensity of these side bands depends on the rotation frequency relative 
to the chemical shift anisotropy, expressed m frequency units. 
The higher the rotation frequency, the weaker the side bands are. The 
side bands result in a loss of intensity of the centerband peaks and 
sometimes complicate the spectrum due to overlap of side bands and centerbands 
of different NMR lines 
Therefore, it is generally desirable to have a spinning frequency higher 
than, or at least not much smaller than the chemical shift anisotropic line-
width. As the chemical shift anisotropy, in frequency units, is proportional 
to the external magnetic field strength, high speed spinners are indispen-
13 
sable for high frequency NMR spectrometers. For instance, in the case of С 
NMR, the chemical shift anisotropy for an aromatic ring carbon can be 200 
ppm, which corresponds for а С frequency of 15 MHz to 3 kHz, for 45 MHz to 
9 kHz and for 90 MHz even to 18 kHz. 
The spinners presently in use in many laboratories, can be divided into 
two categories: conical spinners following Andrew and coworkers (Andrew 1972) 
and cylindrical spinners according to Lowe (Lowe 1959). Both spinners are 
reported to work satisfactory, although our own experience with an "Andrew" 
type spinner showed that the orientation of the spinner rotation axis is in­
fluenced by slight imbalances of the rotor and depends on the rotation speed. 
We want to report here another spinner design which has been in use in 
our laboratory for about two years (Veeman et al. 1979). It runs very stable 
(continuously for weeks if necessary) at speeds up to 7 kHz (when propelled by 
compressed air) and the orientation of the rotation axis is confined between 
very narrow limits. The spinners are made of Delrin of KEL-F and contain 
~ 200-400 μ liter sample. They can be easily refilled and can be used not only 
for solids but for liquid or gel like samples as well. 
The spinner has a cylindrical shape and resembles other designs described 
in the literature (Lippmaa et al. 1978, Schneider et al. 1980) in the sense 
that they are supported by two air bearings and, independent from the air 
bearings, have separate jets to drive the rotor. The difference between our 
36 
Figure 1 View of rotor (A) in spinner housing; В - air bearing, 2x6+1 holes; 
С - one of two jets; E = block to which Jets are connected, the block can be 
moved up and down to adjust distance and relative angle of jets; D and F are 
hoses which bring compressed air to jets, respectively air bearings. 
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Figure 2 KEL-F or Delrin rotor. Dimensions in mm. 
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spinners and the two designs mentioned above is the much simpler construction. 
Another cylindrical rotor has been designed by Balimann et al. (1980). Here 
the propelling air also serves as a bearing. 
Figures 1 and 2 show an impression of the rotor and the spinner housing. 
The spinner (rotor) is made out of one piece of material and has the shape of 
a cylinder, except that the ends have a smaller diameter (φ 7.75 mm) than the 
center part (φ 10 mm). Total length is 37 mm while the center part is 19 mm 
long. Eleven or twelve flutes are machined on each side of the center part. The 
end pieces are supported by two air bearings b (brass in PVC, inner diameter 
φ 8 mm) with 2x6+1 (two rows of 6 holes and 1 in the rear end, see the figure) 
(J.5 mm holes. Low pressure air (<0.1 atm) is sufficient to keep the spinner 
free from the bearing material at all speeds. High pressure air (up to 6 atm) 
is fed into two jets с connected to a PVC block e which can be moved up and 
down to adjust distance and angle of jets relative to the f lutes on the rotor. 
Not shown in figure 1 is the NMR coil, which is around the rotor between 
the flutes. To change spinners one can easily remove one bearing. The spinner 
housing can be rotated in the probe to adjust the magic angle. 
The sample chamber in the spinner is made by first drilling a hole (ф A 
mm) through the whole spinner along the axis. Then that part of the hole 
between the flutes (which will be inside the NMR coil) is given the desired 
inside diameter. After filling the spinner with the material to be investigated, 
the spinner is closed with two, close-fitting plugs (φ A mm, length 9 mm). In 
one of the plugs a 3 mm threaded hole (depth ~ 5 mm) is made. To change 
samples a 3 mm bolt is screwed in this hole and the plug can be pulled out. 
It is found that for the highest rotation rates which we can obtain (~ 7 
kHz), the inside diameter of the sample chamber cannot be as large as one 
would like to. Especially for spinners made out of KEL-F, cracks develop along 
the surface when the hole is too large. Therefore, for KEL-F spinners we use 
sample chambers of dimensions φ 5x10, for Delrin, which is a stronger material 
φ 7x10 mm. Of course if one is not interested in the highest rotation 
frequencies, larger diameter sample chambers can be used. 
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Abstract С spectra and relaxation times were determined 
for poly(oxymethylene) at 45 MHz with proton-deooupled 
magic angle spinning NMR with and without crosspolarization. 
The results indicate the coexistence of two phases: a 
crystalline phase with short Τ and long Τ and an amor­
phous phase with a longer T1 and a shorter У . These 
results are consistent with crystallinity measurements 
on the same samples by X-ray diffraction. The crystalline 
Τ
ηρ
 , which is not thought to be a pure spin-lattice 
relaxation parameter but is also determined by spin-spin 
interaction, depends on the spinning frequency. At high 
spinning frequency C > ~ δ kHz), the linewidth (at magic 
angle spinning conditions) increases with an increase in 
the spinning frequency. 
t On leave from Case Western Reserve University, Cleveland, Ohio 
Published in: Macromolecules 12, 924 (1979). 
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Introduction 
By combining hetero nuclear decoupling and cross-polarization techniques 
[ 1 ] with magic angle spinning, Schaefer and Stejskal [2 ] have clearly 
demonstrated that high resolution NMR of solids is possible. Since then they 
13 
obtained high resolution С spectra of a number of polymers and showed that 
I3„ -, . - I3„ . , . , . 
one can measure С spin relaxation parameters tor every С spin which gives 
a resolved NMR line [3,4 ] . These relaxation parameters include the spin-
lattice relaxation time Τ , the rotating frame spin-lattice relaxation time 
1 13 . . . 
Τ and the Η - С cross-polarization time Τ . 
IΡ Cri 
This study concerns a simple polymer, polyoxymethylene, which under magic 
angle spinning conditions gives one, rather narrow line. Ί measurements, 
however, reveal clearly that this line consists of two components with very 
different relaxation behaviour. These components are attributed to crystalline 
and amorphous regions in the material. While this information can also be 
obtained from a non-spinning sample in this particular simple case, for 
polymers with chemically different carbons this is not possible due to over­
lapping powder line shapes. Thus for more complicated polymers, Τ . (or any 
other relaxation parameter, of course) measurements under magic angle spinning 
conditions can be performed in order to determine the crystallinity of polymers. 
13 13 
The С Τ is measured via the decay of the rotating frame С 
magnetization in a resonant rf field Η . Although the notation Τ _ suggests 
spin-lattice relaxation, spin-spin processes can contribute significantly to 
this Τ , especially when Η is not at least an order of magnitude larger than 
the local field [4,5 ] . While it is interesting to determine the relative 
contributions of spir 
such an attempt here. 
Experimental Section 
The NMR spectrometer is home-built around a wide-bore (110 mm) 4.2 Tesla 
13 
superconducting magnet (Oxford Instruments). The С Η field used has a 
rotating component amplitude corresponding to a frequency of 25 kHz. The 
spinner for magic angle spinning is of a new design [ 6 ] ; it has a cylindrical 
shape (φ 10 mm) and is supported by two air bearings. Spinning frequencies 
between 500 and 5600 Hz can be maintained with excellent long term stability 
(i.e. routine weekend operation). For the study reported here the spinner was 
machined from Delrin, but f or other polymers hollow KEL-F spinners have been used. 
contributions of spin-spin and spin-lattice relaxation to Τ we do not make 
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The Τ measurements were completely automatized such that the hold time 
τ (Figure 1) was varied after each FID. In most cases, 16 τ values were selected 
and the corresponding 16 FID's were accumulated separately. This has the 
advantage that any slow drift of any experimental parameter does not effect 
the Τ
 D plots. With regard to the Τ plots it should be noted that the first 
point is taken after 100 psec and under these conditions no Τ dispersion is 
found as reported by Schaefer et al. [3 ] except for the bi-exponential decay 
reported below. 
13 13 
С spectra and С T. 's are determined both with and without cross-
polarization. In the latter case С magnetization was prepared by a 90 pulse. 
The two pulse sequences for the Τ measurements are shown in Figure 1. 
90y H1X 
iu J I C.P. 
13r 
decoupling 
® 
С Ρ : hold 
"τ" 
; 0Í  ,W^ 
1
н 
13f 
90, Hix 
hold 
decoupling 
jVw-
13, 
Figure 1 Pulse sequences for С Τ measurements with (sequence A) and without 
(sequence B) cross-polarization. 
42 
Results 
A number of different NMR experiments have been performed on poly(oxy-
methylene) and, considered as a whole, a clear and consistent picture of some 
of the properties of poly(oxymethylene) (Delrin) is obtained. Each experiment 
alone, however, emphasizes only certain aspects of this picture and therefore 
we present in this section all of the experimental results and postpone a more 
detailed discussion of these results to the next section. 
We describe the results of three types of experiments: high resolution 
13 13 
С NMR spectra, С relaxation measurements (T ,T ) and the dependence of 
T. and linewidth on the spinning frequency in a MAS (magic angle spinning) 
experiment. 
С spectra 
Poly(oxymethylene) is a relatively simple, linear polymer with all carbons 
chemically equivalent. The MAS experiment indeed shows one resonance line at 
89 ppm downfield from the С resonance of TMS with a linewidth of ~ 3 ppm. 
Much more information in this case, however, is obtained from the spectrum 
13 
of the non-spinning sample. Figure 2 shows two proton-decoupled С spectra 
A and B. Spectrum A was obtained using the cross-polarization technique [ 1 ] 
while for spectrum В a straight-forward proton-decoupled FT experiment was 
used, i.e. С 90 pulses with a repetition rate of 1 sec instead of cross-
polarization. The relative narrow line of spectrum 2B coincides with peak 2 of 
spectrum 2A. 
By decreasing the repetition rate in the 90 pulse experiment almost two 
orders of magnitude, the resulting spectrum is similar to spectrum 2A. 
Apparently, spectrum 2A consists of at least two components with very different 
1 3 
С T., the narrow component having a short Τ (< 1 sec) and the other 
component(s) a much larger Τ . 
Also the relative intensities in spectrum 2A were observed to depend on 
the length of the cross-polarization time. For spectrum 2A this time was 10 
msec and a shorter cross-polarization results in a decrease of the narrow 
component 2, thus the cross-polarization is not as efficient for the narrow 
component, as it is for the other component(s) making up spectrum 2A. 
13 
With MAS the narrowed С line is found at almost the same frequency 
(1 ppm towards higher field) as the narrow component of spectrum 2B, where 
the sample is non-spinning. 
A3 
3 
p.p.m. 150 100 50 
Figure 2 Proton-decoupled С spectra of a nonspinning poly(oxyme thylene) 
(Delrin) sample. Spectrum A results from 10 ms cross-polarization, while for 
spectrum В the carbon magnetization is prepared via a 90 pulse. 
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T.ρ measurements 
Τ measurements have been made for polyoxymethylene samples spinning at 
the magic angle with frequencies between 0 and 5600 Hz. Both pulse sequences 
shown in Figure 1 have been used and typical examples of Τ decay curves are 
given in Figure 3 for pulse sequence A and in Figure 4 for pulse sequence В 
with a repetition rate of 1 sec 
13
 С magnetization/arbitrary units 
I 
10 20 25 30 35 
hold time τ / m sec 
Figure 3 Τ measurement for a sample spinning at the magic angle with a 
frequency of 2.1 kHz. The carbon magnetization is prepared via cross-polari­
zation; i.e., pulse sequence A of Figure 1 is used. 
45 
13C magnetization/arbitrary units 
1.0 ' 
20 25 30 35 
hold time τ / m sec 
Figure ¿ι Τ
 û measurement for a sample spinning at the magic angle with 
frequency of 2.1 kHz; 90 pulses are used to prepare the carbon magnetization, 
i.e., with pulse sequence В of Figure 1. 
Here again, a difference is observed between the cross-polarization experiment 
and the 90 pulse experiment: the cross-polarization pulse sequence A yields, 
for all spinning frequencies, a well-resolved bi-exponential Τ decay (for 
2.1 kHz spinning the two values of Τ are ~ 1.5 and ~ 17.5 msec) while a Τ 
measurement with pulse sequence В and repetition rate 1 sec gives a single 
exponential with a T ^ of 17.5 msec. When pulse sequence В with a much longer 
repolarization time (> 30 sec) is used, again, a double exponential is found. 
Therefore we conclude that the narrow component 2 of spectrum 2A (i.e. the 
line in spectrum 2B) has a Τ of ~ 17.5 msec and that all other components 
have a much shorter T... 
12 Dependence of С linewidth and Τ
η
 on MAS frequency 
13 
For polyoxymethylene the С chemical shift anisotropy is rather small 
and even with a relative low MAS frequency of 1 kHz, the spinning sidebands 
are weak. 
13 
Between 1 and 4 kHz spinning the С linewidth is independent of the spinning 
frequency, both in the spectra obtained by cross-polarization and by 90 pulses. 
46 
At very high spinning races, however, a noticeable increase in the 
linewidth is observed in the cross-polarization spectrum, whereas the linewidth 
in spectra obtained by 90 pulses with repetition rate of 1 sec remains the 
13 
same. This is illustrated in Figures 5A and 5B, where two С cross-polari­
zation spectra are shown for 5.6 and 3.1 kHz spinning, respectively. 
® 
© 
p.p.m. 110 120 100 80 60 10 
13 
Figure 5 Increase of С line width with increasing MAS frequency. Spectrum A 
shows the line with 5.6 kHz spinning (line width 5.7 ppm), while spectrum В 
is obtained with 3.1 kHz spinning, and then a line width of 3.7 ppm is found. 
At lower MAS frequencies (>1 kHz), the line width hardly changes with 
spinning frequency. 
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Apparently, the two (or more) components which constitute the cross-polari­
zation spectrum, behave different under fast magic angle spinning conditions. 
As these two components have different T. at fast magic angle spinning a 
change in linewidth is expected as a function of τ in a cross-polarization 
T.p experiment. This is indeed observed, as expected a decrease in linewidth 
is found with increasing τ. Therefore, we can conclude: the spins with the 
long T.. and short Τ (which are responsible for the relative narrow line 2 
of spectrum A in Figure 2), in the MAS condition gives rise to a line whose 
linewidth is independent of spinning frequency (at least up to 5.6 kHz). 
The spinning dependent linewidth must be due to the spins with a short 
T.. and long Τ which yield the broad structure of Figure 2A. 
It appears that this short Τ is also a function of the spinning 
frequency, as shown in Figure 6. The long Τ 1 0(~ 17.5 msec), however, is 
independent of the spinning frequency in these experiments. 
Fast spinning therefore changes both the linewidth and Τ
 n
 of the NMR 
IP 
component with the short Τ and the long T., 
1 Ζ 3 i. 5 6- 7 
magic angle spinning freguency/KHz 
Figure 6 Dependence of the ori/stalline Τ on MAS frequency 
IP 
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Discussion 
13 
Both the С spectra and the Τ data strongly point to the existence 
13 
of two different phases in the polymeric material with different С relaxation 
times T. and T. . Because it is known that poly(oxymethylene) generally 
contains both crystalline and amorphous components, it seems justified to 
13 
assume that the two signals with different relaxation times come from the С 
spins in crystalline and amorphous regions of the material. Then it seems a 
natural assumption that the narrow line of Figure 2 (line 2) is due to the 
amorphous material and that the broad structure is a chemical shift anisotropy 
broadened line from the crystalline regions in the sample. There is so much 
motion in the amorphous material that the chemical shift anisotropy is largely, 
but not completely, averaged out. Also this assignment implies that the amorphous 
line has the long T.D (17.5 msec) and the short Τ (<1 sec) while the crystalline 
line has a short spinning frequency dependent T 1 D (0.5-3 msec) and a long T. 
(> 10 sec). 
At first, before we studied in detail the non-spinning spectra, based on 
the work of Schaefer and Stejskal [3,4 ]we assumed that the short Τ should 
correspond to the amorphous phase [ 7 ] . However, the non-spinning spectra show 
that this assumption is not correct, i.e. the amorphous phase has a longer Τ . 
than the crystalline phase. As mentioned in the introduction, the relaxation 
13 
parameter Τ which we measure via the decay of the spin-locked С magnetiza­
tion, by no means has to be a pure spin-lattice relaxation parameter. When the 
rf spin-lock field is not much greater than the dipolar field, spin-spin 
13 
relaxation may contribute significantly to our apparent Τ „. The largest С Η 
field we can presently achieve corresponds to a rotating component of 25 kHz 
and therefore we must expect that, certainly for the crystalline spins, the T 1 D 
may be dominated by spin-spin interactions [ 4,5 ] . Amore complete study is 
meeded to determine the ratio of spin-lattice and spin-spin relaxation con­
tributions to our Τ values, which we plan as soon our instrument is modified 
for larger rf fields. 
Motions, which in the amorphous region partly average out the chemical 
shift anisotropy, can also reduce the C-Η cross-polarization efficiency for 
the amorphous line. This would explain the relative increase of the narrow 
amorphous line in the cross-polarization spectrum of the non-spinning sample 
with increasing cross-polarization time. 
From the Τ measurement one can estimate the percentage of crystallinity 
of the polymeric material. The T.» plots for every spinning frequency can be 
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very accurately fitted with a function: 
Μ(τ) = A expC-r/t ) + В expC-t/t.) 
13 
where Μ(τ) is proportional to the С signal after being spm-locked for τ 
seconds, t and t represent the two Τ values to be determined, and A and В 
the relative amounts of crystalline and amorphous material. We find 70% (± 5) 
crystalline and 30% (± 5) amorphous content. This is quite close to the value 
determined by X-ray diffraction, 63 and 37%, respectively. Even though our 
percentages depend somewhat on the length of the cross-polarization, they do 
provide strong support for the assignment that the long Τ is due to the 
amorphous component. For a more accurate determination of these percentages, 
one should take into account the difference of cross-polarization efficien­
cies for the amorphous and crystalline regions. We should simply took the 
average for different spinning rates. 
The spinning dependence of the crystalline Τ can in principle be 
explained by several mechanisms. A possible explanation could be, as suggested 
by Schaefer et al. [3 ] , that the anisotropy of Τ _ is averaged by the spinning, 
causing a shorter T. D. However, preliminary studies on a non-spinning sample 
do not reveal such anisotropy. Also the Τ plots of slow spinning samples do 
not show a Τ dispersion except for the double-exponential decay. 
Although there always remains the possibility that spinning modulates 
molecular motions and increases the spectral density at the rotating frame 
Larmor precession frequency, in our case it seems likely that the spinning 
influences the spin-spin contribution to our T. . Further studies are in 
progress to explain this spinning dependence of T.p. 
The increase of the linewidth of the crystalline line at the highest 
spinning frequency may be related to the change of Τ with spinning. This 
line broadening might be explained as the result of strain in the material 
due to spinning forces and would only be observed at the high spinning rates. 
Conclusion 
Poly(oxymethylene) (Delrin) consists of at least two components, one 
amorphous and at least one crystalline, having clearly different T.'s and 
different T.'s. If the difference we find in the T. 's of the crystalline and 
50 
amorphous components of Delrin prove to be generally true for polymers, then 
such measurements will allow the determination of the degree of crystallinity 
in polymeric material. Also, this study shows that the Τ of the crystalline 
component is very different from the amorphous Τ . Studying T., therefore, 
seems very worthwhile, especially because here spin-spin relaxation does not 
confuse the picture. Τ measurements on Delrin will be reported later. Finally, 
the dependence of Τ
 D and spectral width on spinning frequency needs further 
study. 
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CHAPTER 7 
CARBON-13 SPIN-LATTICE RELAXATION 
IN SOLID POLYOXYMETHYLENE* 
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Toernooiveld, 6525 ED NIJMEGEN 
The Netherlands 
Abstract Carbon-lZ spin-lattice relaxation parameters 
of solid polyoxymethylene (Delrin) have been measured 
by means of High Resolution Solid State Carbon-lZ NMR. 
Carbon-lS spectra and relaxation parameters clearly 
show two different types of aarbon-12 nuclei. They are 
assigned to carbons in "mobile" or "amorphous" regions 
and to carbons in "rigid" or "crystalline" regions 
respectively, in accord with the accepted two-phase 
model of semi cry stalline ρolyoxymethylene. The data 
indicate that molecular motions do take place in the 
crystalline regions as well as in the amorphous regions. 
Our data are compared with results of dielectric and 
mechanical relaxation data, as well as other (proton) 
NMR studies, in order to get more insight in the 
nature of the motions as well as their correlation 
frequencies. 
^Submitted for publication in: Macromolecules 
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Introduction 
Nuclear Magnetic Resonance has been extensively used in the study of 
structural and physical properties of polymers in solution as well as in the 
solid state [ 1 ] . Wide line proton NMR studies of linear semi-crvstalline 
polymers, such as polyethylene and polyoxymethylene, generally show NMR 
signals arising from more or less mobile components, giving rise to a 
(partially) narrowed NMR line, and from more rigid components, giving rise to 
a broad resonance line. A single proton spin-lattice relaxation time, however, 
is usually observed over a wide range of temperatures due to rapid proton 
spin diffusion, thus hampering the extraction of more detailed information 
about molecular motions in the mobile, or "amorphous" regions and the motions 
in the rigid, or "crystalline" regions. Moreover, only one Τ -minimum has 
been observed in solid polyoxymethylene [2,3,4 ] over a wide temperature range. 
Therefore proton NMR studies on solid polyoxymethylene suggest that either 
molecular motions take place in the mobile, or amorphous, regions only and 
that the rigid component is rigid indeed, or that complex motional processes, 
involving both crystalline and amorphous regions, occur. The latter possibi­
lity can give rise to a single Τ -minimum over a wide température range if 
the correlation frequencies of the motions in the amorphous and crystalline 
regions are of the same order of magnitude. Dielectric and mechanical 
relaxation measurements at room temperature indicate that fast molecular 
8 9 
motions (correlation frequency ~ 10 - 10 Hz) occur in solid polyoxymethylene 
as well as very slow "motions" (correlation frequency > 1 Hz) but they do not 
give direct information on where these motions occur. Most of the pertinent 
data on polyoxymethylene have been complied by Crist and Peterlin [ 2 ] and 
Trappemers et al. [3 ] and the reader is referred to their papers for further 
details and references. 
Since spin diffusion between carbon-13 nuclei in natural abundance is not 
expected to occur it is worthwhile to investigate solid polymers by means of 
carbon-13 NMR. Axelson and Mandelkern [5 ] investigated many semi-crystalline 
polymers using standard FT carbon-13 NMR techniques, i.e. with proton noise 
decoupling during acquisition. In these experiments, however, only carbons m 
mobile regions can be detected. Long carbon-13 spin-lattice relaxation times 
and large static dipolar interactions between the protons and the carbon-13 
nuclei, resulting in broad resonance lines, make the detection of carbons in 
crystalline regions, by means of standard carbon-13 FT NMR virtually impos-
sible. 
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By combining cross-polanzation with proton dipolar decoupling detailed 
carbon-13 NMR spectra of solids can be obtained [ 6 ] , in principle allowing 
the measurement of individual carbon-13 spin-lattice relaxation times. Carbon-
13 NMR spectra of powders obtained this way, however, are still difficult to 
interpret due to the presence of overlapping chemical shift anisotropy 
patterns. High resolution carbon-13 solid state NMR spectra of powders, and 
solid polymers, can be obtained by combining cross-polarization and proton 
dipolar decoupling with magic angle spinning [ 7 ] , as shown successfully by 
Schaefer and Stejskal [8 ] . Using these high resolution techniques a wealth 
of experimental data can be, and have been, obtained on solid polymers. A 
variety of relaxation times can be measured of individual carbons, including 
spin-lattice relaxation times in the laboratory frame and spin-lattice re-
laxation times in the rotating frame (T ). The latter are of particular 
interest since they are expected to yield information about motions m the 
mid kHz range [9 ] . Carbon-13 rotating frame relaxation times of solid poly-
oxymethylene have been measured by Veeman et al. [ 10 ] and Stejskal et al. [ 11 ]. 
Interpretation of T.p measurements in terms of molecular motions is hampered, 
however, since both spin-lattice processes and spin-spin processes can 
contribute to the relaxation, the latter arising from "thermal contact" 
between the carbon-13 rotating frame Zeeman reservoir and the proton dipolar 
reservoir [11,12,13 ]. Carbon-13 spin-lattice relaxation in the laboratory 
frame received comparatively little attention. Schaefer et al. [14 ]reported 
some results on solid glassy polymers. Of the semi-crystalline polymers only 
polyethylene spin-lattice relaxation times in the laboratory frame have been 
studied extensively [ 15,16 ] . We measured carbon-13 spin-lattice relaxation 
times in the laboratory frame and Overhauser enhancements of solid polyoxy-
methylene, using high resolution solid state carbon-13 NMR. In accord with 
expectations two different carbon-13 signals are seen, with different spin-
lattice relaxation times, arising from amorphous and crystalline regions 
respectively. The laboratory frame carbon-13 spin-lattice relaxation times T. 
can directly be related with spin-lattice processes, i.e. molecular motions, 
since spin diffusion and spin-spin interactions do not contribute to the 
carbon-13 relaxation. A variety of experiments, including measurements with 
and without magic angle spinning will be presented as well as a discussion of 
possible molecular motions, responsible for the observed relaxation parameters. 
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Experimental 
Carbon-13 NMR spectra and spin-lattice relaxation times of solid poly-
oxymethylene have been measured at A5 MHz on a double resonance spectrometer, 
home-built around a 4.2 Τ superconducting magnet from Oxford Instruments. 
Measurements were performed on cylindrical rotors machined from commercially 
available Delrin (Du Pont). The probe used for magic angle spinning experi­
ments as well as the spinners themselves have been described elsewhere [ 17 ] . 
Additionally, some experiments were performed at 15 MHz. Carbon-13 spin-
lattice relaxation times were measured using a cross-polarization version of 
the inversion-recovery method. Pulse sequences were generated by a program­
mable digital pulse programmer described elsewhere [ 18 ] . 
Results 
Carbon-13 NMR spectra of solid polyoxymethylene at 45 MHz have been 
reported earlier [ 10 ] . The carbon-13 cross-polarization spectrum was shown 
to be a superposition of a rather narrow component arising from spins with a 
short Τ (<ì sec) and a relatively long T. (~I7.5 msec) and a broad compo-
nent arising from spins with a long Tj (^1 sec) and a short Τ (~3 msec). 
The broad component has a line shape characteristic for carbon-13 NMR spectra 
dominated by anisotropy in the chemical shift and is therefore assigned to 
rigid ("crystalline") components. The narrow component suggests considerable 
motional averaging and is therefore assigned to mobile ("amorphous") regions. 
Under magic angle spinning conditions the spectrum collapses to a single 
narrow line (~3 ppm wide). T. measurements showed, however, that this single 
line is actually a superposition of two lines, one arising from the amorphous 
component and the other from the crystalline component. 
Here we report quantitative measurements of carbon-13 spin-lattice 
relaxation times (T.) of polyoxymethylene. Both non-spinning samples as well 
as samples spinning at the magic angle were investigated. Carbon-13 T 's were 
measured using the cross-polarization version of the inversion-recovery 
technique. Experiments were carried out with, as well as without proton 
saturation during the recovery of the carbon-13 magnetization in order to 
establish the role played by proton-carbon dipolar couplings in the relaxation 
behaviour of the carbon-13 nuclei. Differential equations describing the 
relaxation behaviour of coupled spin systems under various conditions have 
been given by Noggle and Schirmer [ 19 ] , to which the reader is referred for 
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details. We merely note that the recovery of the carbon-13 magnetization in 
the experiment with proton saturation is expected to be exponential, whereas 
a sum of exponentials is expected to describe the recovery of the carbon-13 
magnetization in the experiment without proton saturation. Furthermore the 
carbon-13 magnetization m the experiment with proton saturation is expected 
to relax towards an enhanced equilibrium value (steady state Overhauser 
enhancement) whereas it will relax to its "normal" (Boltzmann) equilibrium 
value in the experiment without proton saturation. 
When analyzing the magnetization recovery curves it is kept in mind that 
the initial magnetization is created by cross-polarization rather than a 
simple 180 pulse. Thus a single exponential recovery curve, obtained in 
experiments with proton saturation, is represented by: 
-t/T 0 1 
M (t) = (Ï1 - M )e + M 
ζ Cr 00 0° 
where M represents the cross-polarized initial magnetization, M the 
equilibrium magnetization, and Τ the spin-lattice relaxation time. The ratio 
M /M is not constant but depends on the efficiency of the cross-polarization 
process. Therefore it depends on the length of the cross-polarization time as 
well as the sample spinning frequency. Experimental Τ values were determined 
0 by a least squares procedure in which Μ , M and Τ are treated as adjustable 
parameters. 
Figure 1 shows some representative spectra obtained in a typical Τ 
experiment with magic angle spinning. It is immediately seen that the "single 
line" is actually a superposition of two lines: a fast relaxing line and a 
much slower relaxing line at slightly higher field. Deconvolution of the 
spectra gives two separate magnetization recovery curves, one for the fast 
relaxing amorphous part and one for the slowly relaxing crystalline part. 
Such experiments have been carried out at various sample spinning frequencies 
between 1 and 5 kHz. 
Both magnetization recovery curves were found to be single exponential 
(within experimental error) in experiments with proton saturation. The carbon-
13 spin-lattice relaxation times obtained from these experiments are 75 msec 
for the amorphous part and 15 sec for the crystalline part, respectively. 
These values are independent of the sample spinning frequency in constrast 
with earlier reported Τ values of the crystalline part, which were shown to 
0 be strongly dependent on the sample spinning frequency [10]. The ratio M /M 
for the crystalline part does not change much upon increasing the sample 
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spinning frequency from 1 to 5 kHz. The ratio Μ
r p/M for the amorphous part 
decreases significantly upon an increase in sample spinning frequency, 
indicating a drastic decrease in cross-polarization efficiency. 
13 
Figure 1 Representative magia angle aross-polarization С ¡iMR spectra as 
a function of the recovery time τ in a carbon-13 spin-lattice relaxation 
experiment. 
The relaxation behaviour of the crystalline part in experiments without 
proton saturation was, again within experimental error, found to be single 
exponential as well. Again a value of 15 sec was obtained. The equilibrium 
magnetization reached in this experiment is smaller than the equilibrium value 
reached in experiments with proton saturation. From the ratio of the 
respective equilibrium values a (steady state) Overhauser enhancement value 
of 1.3 (1 + η = 1.3) is obtained. The relaxation behaviour of the amorphous 
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part is no longer simple exponential in experiments without proton saturation. 
In fact is was found to overshoot its equilibrium value. Figure 2 shows an 
example of the magnetization recovery of the amorphous part obtained from 
such an experiment. Again, a larger equilibrium value is reached in experiments 
with proton saturation than in those without and an Overhauser enhancement 
of 1.6 is obtained from the ratio of the respective equilibrium magnetizations. 
magnetization (arb. units 
Figure 2 Magnetization recovery of the amorphous carbons in a typical T. 
measurement without saturation showing the transient Overhauser effect. 
Essentially the same features were observed in experiments without magic 
angle spinning. The narrow component, attributed to the amorphous part, has a 
short Τ (~75 msec) and the broad pattern, assigned to the crystalline part, 
a much longer Τ . Again the amorphous part overshoots its equilibrium value 
in experiments without proton saturation. Furthermore steady state Overhauser 
enhancements are observed for both the amorphous and the crystalline part. 
The poor S/N ratio in these experiments does not allow precise measurements 
of the relaxation times and Overhauser enhancements but is good enough to 
show that they are of the same order of magnitude as those measured in samples 
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spinning at the magic angle. Measurements on non-spinning samples at higher 
temperatures (up to 75 C) do not show significant changes in relaxation times 
and Overhauser enhancements. 
Additionally, preliminary spin-lattice relaxation time measurements have 
been performed at 15 MHz. The spin-lattice relaxation parameters of the 
amorphous component are not too different from those measured at 45 MHz. The 
carbon-13 spin-lattice relaxation time of the crystalline component appeared 
to be much shorter, however, and was estimated to be ~ 1.5 sec. 
The various spin-lattice relaxation parameters as reported above, are 
summarized in Table I. 
Table I Carbon-13 relaxation parameters of solid poly oxyme thy lene at room 
temperature. 
Amorphous part Crystalline part 
T. (at 45 MHz) 75 msec 15 sec 
NOE (at 45 MHz) 1.6 1.3 
Tj (at 15 MHz) - ~1.5 sec 
T. (from ref. 10) 17.5 msec ~ 0.5 - 3 msec 
Discussion 
The observed differences in carbon-13 relaxation behaviour in experi-
ments with and without proton saturation during the recovery of the carbon-
13 magnetization strongly suggest that proton-carbon dipolar relaxation is 
the dominant relaxation mechanism. Single exponential recovery curves to 
(Overhauser) enhanced equilibrium values are observed under proton saturation 
conditions for both the crystalline and amorphous components, whereas the 
carbon-13 magnetization relaxes towards their normal equilibrium values in 
experiments without proton saturation. Moreover, the relaxation of the 
amorphous part, in experiments without proton saturation, is no longer 
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exponential. This deviation from simple exponential recovery is expected 
for coupled spin systems (see e.g. ref. 19) when both spins relax simulta­
neously. The observed "overshoot" in the carbon-13 magnetization of the 
amorphous part indicates that the carbon-13 Τ is shorter than the proton T.. 
Direct measurement of the proton-T shows that this is indeed the case: a 
proton Τ of ~ 200 msec was measured against a carbon-13 Τ of 75 msec for 
the amorphous part. The expected deviation from single-exponential recovery 
is not observed for the crystalline part. This is not surprising since the 
crystalline carbon-13 Τ is much longer than the proton Τ . In that case 
the protons reach a steady state magnetization in a time very short compared 
with the time needed for the carbon-13 magnetization to relax significantly. 
We therefore conclude that both amorphous and crystalline carbon-13 relaxation 
parameters can be discussed in terms of proton-carbon dipolar relaxation. 
Besides, other relaxation mechanisms are not expected to play any role of 
importance in solid polymers such as polyoxymethylene. 
Before analyzing our data it is of interest to note that other experi­
ments, i.e. dielectric and mechanical relaxation measurements, as well as 
proton spin-lattice relaxation measurements, at room temperature only show 
g 
evidence of fast motions (γ-relaxation, correlation frequency ~ 10 Hz) in 
solid polyoxymethylene [2,3 ] . These experiments, however, do not tell where 
these motions take place, i.e. whether these motions occur in the amorphous 
part only, or whether a complex motional process takes place, involving the 
amorphous as well as the crystalline parts. Another possibility is that the 
motions in amorphous and crystalline regions differ in, for instance, 
amplitude, but that they have the same, or very similar, correlation times. 
Assuming isotropic random reorientation of C-Η vectors in the carbon-
13 Τ , Τ and NOE factor are given, in standard notation, by: 
1 1 2 2
Ь
2 _ -6 , с с . с і / , ч 
Tpì^W1 Σ ri { — ^Г2+--Т-2 + , .
 + .2 2
} ( 1 ) 
1 1 + (ω,. - ω ) τ 1 + ω τ 1 + (ω,, + ω ) τ 
Н е с c c Н е с 
J _
 =
 _1_ 2 2 .2 -6 4 T C T C 3 T C 
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n
 20 yUyc L r i t l i 2 2 , , , 2 2 , 2 2 lp 1 + ω.τ 1 + (ω,, - ω ) τ 1 + ω τ l e Н е с c c 
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Н е с Н е 
(2) 
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ο 
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In deriving (2) it has been assumed that the frequency ω of the radiation 
field H, is much smaller than ω and ω . Substituting in these equations the 1 Η с 
parameters obtained for the carbon-13 of the amorphous part (see Table I) and 
assuming that the carbon-13 nuclei are relaxed by two protons at a distance 
_Q 
r = 1 .09 A we obtain for the correlation time τ : 3x10 sec (from T.), 1.5 χ 
-9 -8 e 
10 (from Τ ρ) and 1.3 x 10 (from NOE). All these values are in a relatively 
narrow range and suggest that isotropic reorientation seems to be adequate 
for a description of carbon-13 relaxation in the amorphous part. Clearly more 
or less isotropic motions with such short correlation times are expected to 
average out the anisotropy in the chemical shift of the amorphous carbons. 
Indeed a relatively narrow line is observed in 45 MHz spectra, obtained 
without magic angle spinning [ 10 ] . More complicated motions than isotropic 
reorientation cannot be excluded on the basis of our data. However, the data 
simply not invite analysis in terms of more complicated motional models. Our 
calculated correlation times are in good agreement with correlation times 
found by e.g. Trappeniers et al. [3 ] , who calculated a correlation time τ = 
-9 C 
2 χ 10 sec at room temperature from proton Τ measurements, and correlation 
frequencies of γ-relaxation in polyoxymethylene as determined by dielectric 
and mechanical loss experiments. 
Analysis of the crystalline carbon-13 data is less straightforward. 
Before it is attempted to estimate any molecular correlation time it is 
necessary to establish whether molecular motions do take place in the crys­
talline part or whether the crystalline part is rigid. Evidence for the 
latter is for instance the line shape observed for the crystalline part in 
experiments without magic angle spinning. A typical powder pattern, 
characteristic for anisotropy in the chemical shift, was observed, indicating 
little or no motional narrowing. In other words, molecular motions consistent 
with this line shape are either very slow, with a correlation frequency 
smaller than the linewidth (expressed in frequency units), or are of a highly 
restricted nature, that is molecular motions of limited amplitude. These 
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restricted motions are not expected to average the chemical shift powder 
pattern to a large extent, not even in the case of fast restricted motions, 
i.e. with correlation frequencies larger than the linewidth. Dielectric and 
mechanical loss measurements at room temperature only indicate high frequency 
Q 
motions (correlation frequency ~ 10 Hz) in solid polyoxymethylene. The 
possibility of motions in the crystalline part with long correlation times, 
i.e. correlation frequencies smaller than the linewidth can therefore be 
discarded.Therefore the molecular motions in the crystalline part, if there 
are any, must be of a restricted nature (small amplitude) having correlation 
times comparable to those of the motions in the amorphous part. Evidence that 
molecular motions do take place is provided by the observed carbon-13 spin-
lattice relaxation time Τ of 15 sec since a much longer T. is expected for a 
rigid lattice. Such long Τ 's have been observed for crystalline polyethylene 
for instance (1000 sec or more!). Before concluding from our Τ measurements 
that motions take place in the crystalline part we must consider the 
possibility that crystalline carbon-13 nuclei, considered as rigid for the 
moment, are relaxed by mobile protons in the amorphous part. Using the 
-9 
correlation time deduced for the amorphous part (τ *= 3 χ 10 ) and inserting 
a C-Η distance of 5 A in formula 1 we obtain a theoretical Τ for the crys­
talline carbons of "~ 650 sec. This value, which is probably a lower limit, 
indicates that the observed carbon-13 Τ cannot be explained by the mechanism 
considered above. In other words the CH groups in the crystalline parts 
themselves must be mobile in order to explain the short Τ . Summarizing the 
arguments above we conclude that restricted motions take place in the crys­
talline parts with correlation times comparable to those of the motions in 
—8 —9 
the amorphous part (10 - 10 sec). Several authors investigated molecular 
motions in polyoxymethylene crystals by means of proton NMR linewidth studies 
(see e.g. Shibata and Iwayanagi, ref. 20 and references cited therein). 
Several motional processes were invoked to explain the experimental data, 
almost invariably involving rotational oscillations around the helical axis of 
polyoxymethylene chains. Estimates of the amplitude of these oscillations 
range from 9 to 40 . The same helical conformations are expected to occur in 
crystalline regions of commercial polyoxymethylene, because of the strong 
preference of gauche-gauche conformations. Accordingly similar molecular 
motions might occur in commercial polyoxymethylene. Clearly these motions are 
of a highly restricted nature. They are not expected to average out chemical 
shift anisotropy patterns completely, not even in the case of short correlation 
times. Also, these restricted motions are expected to give rise to longer 
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spin-lattice relaxation times than more or less isotropic motions with compar­
able correlation times. Preliminary calculations show, for instance, that C-H 
vectors restricted to motions inside a cone, with a top angle of 16 , give 
rise to average relaxation times which are 200 times as long as relaxation 
times arising from C-Η vectors allowed to reorient within a complete sphere 
with the same correlation time. Hence the difference in the observed carbon-
13 spin-lattice relaxation times for the amorphous and crystalline parts (75 
msec and 15 sec respectively) might reflect differences in the amplitude of 
the motions involved (more or less isotropic motions versus restricted rotatio­
nal oscillations), rather than greatly different correlation times of the 
respective motions. 
It is well known that molecular motions in polymers are generally 
characterised by distributions of correlation times [4,21,22 ] rather than a 
single correlation time, resulting in rather shallow minima in Τ versus 1/T 
plots. In particular, it raises the T. values for average correlation times 
τ around the minimum (ωτ * 1) and lowers the T, values away from the minimum. 
с с 1 
Therefore the observed essentially temperature independent relaxation times in 
the range studied(20 С - 75 С) might reflect a distribution in relaxation 
times (or amplitudes of oscillations.'). At the same time a distribution of 
correlation times can better explain the crastic decrease of Τ from 15 sec 
at 45 MHz to 1.5 sec at 15 MHz, as can be noted from the behaviour of the Τ 
versus 1/T plots in the vicinity of the minima constructured for a distribution 
of correlation times and for a single correlation time. With respect to the 
observed NOE of the crystalline carbons we can only say that a value of 1.3 is 
not inconsistent with restricted motions having an average correlation time of 
-9 
about 3* 10 sec. The extraction of information from the NOE, however, is 
difficult since many protons, even those not directly bonded to the carbon 
under study, can, in principle, contribute to the NOE. 
Finally we note that the observed Τ value of ~ 2 msec is shorter than 
the T. of the amorphous carbon atoms [ 10 ] . This is not compatible with 
restricted motions of the type discussed above. This decrepancy results from 
the fact that the Τ _ of the crystalline carbons is determined by spin-spin 
interactions [11,13 ] . This is confirmed by proton T. measurements in poly-
oxymethylene [ 23 ] , in experiments where amorphous proton-crystalline proton 
spin diffusion has been reduced. The crystalline proton T. then is 150 msec 
and the amorphous proton T. is 30 msec, i.e. a longer Τ is observed for 
the crystalline part than for the amorphous part. 
Obviously, measurement of carbon-13 spectra and relaxation parameters 
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alone do not provide enough information to be able to derive a clear model of 
the complex motions taking place in solid semi-crystalline polymers. They do 
provide, however, useful complementary data, in particular about the sites 
(or regions) where motions take place. In particular, carbon-13 line shapes 
and spin-lattice relaxation times in the laboratory frame seem to be useful 
parameters in the study of molecular motions in solid polymers. 
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CHAPTER 8 
SPIN-LATTICE RELAXATION IN SOLID POLYMERS* 
U.S. Veeman and E.M. Menger 
1. Introduction 
Macroscopic mechanical properties of solid polymers are related to the 
microscopic motions of the polymer molecules. A great deal of knowledge 
about these motions has been obtained from mechanical, dielectric and nuclear 
magnetic resonance relaxation experiments. 
In NMR especially proton spin-lattice relaxation has been studied 
extensively. However, in solids the proton spins are usually so strongly 
coupled via dipolar interactions that possible differences in spin-lattice 
relaxation of protons executing different motions, are averaged out by spin 
diffusion. This spin diffusion in some cases also prevents the observation 
of different proton relaxation times in polymers which are partly amorphous, 
partly crystalline. 
13 13 13 
In natural abundance С NMR С - С spin diffusion does not occur or only 
13 
at an extremely slow rate. Therefore, with high resolution solid state С NMR 
I 3 
(proton enhanced С NMR [ 1 ] combined with magic angle spinning [ 2 ] ) the spin-
lattice relaxation of each carbon can be separately studied and in principle 
yields information about the motion of each functional group of the polymer. 
In this communication we want to discuss the value and limitations of 
13 
С Τ and Τ
 D experiments for the study of polymeric motions on the basis of 
data for polyoxymethylene (POM) and polymethylmetacrylate (PMMA). Also we want 
to show for POM how the proton spin diffusion between amorphous and crystalline 
regions can be slowed down enough to measure separately the amorphous and 
crystalline spin-lattice relaxation times. These last experiments open the 
possibility to measure the proton spin diffusion rate between the amorphous 
'Presented at the Joint Ismar-Ampère International Conference on Magnetic 
Resonance, Delft 1980, The Netherlands. 
Published in: Bull. Magn. Res. 2, 77 (1980). 
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and crystalline phase and to estimate the width of the transition region 
between two phases. 
13 2. С Spin- lat t ice relaxation in the laboratory frame 
13 
Polyoxymethylene shows one rather narrow С NMR line under proton 
decoupled and magic angle spinning conditions [3 ] . Τ and Τ „ measurements, 
however, reveal that this line is composed of two lines with different 
relaxation times (Table ])· 
13 Table 1 С Τ , Τ and NOE of polyoxymethylene at 45 
MHzj room temperature and Я7 - 25 kHz. 
amorphous crystalline 
Τ ρ 17.5 ms 3-0.6 ms a 
Τ 75 ms 15 s 
NOE 1.7 1.3 
3 ms without magic angle spinning, 0.6 ms at 5.6 kHz 
spinning. 
Carbons with short Τ and Τ . are found in amorphous regions of the material, 
carbons with long T. and short T.p in crystalline regions [ 3 ] . This difference 
13 in С T. and Τ η, strikingly in contrast to the single value of the proton 
Τ [5 ], expresses the difference in molecular mobility in the two phases. The 
motion in the amorphous phase can be described with a motional correlation 
-9 time of 10 sec [4 ] , in good agreement with the value derived from proton 
studies [ 5 ] . 
Table 2 shows Τ values for the carbons in iso- and syndiotactic PMMA and 
a 1:2 crystalline complex of iso- and syndiotactic PMMA [6 ] . There is hardly 
any difference between the relaxation times of corresponding carbons in these 
materials. The reason is that Τ relaxation times are determined by motions 
with a frequency component at the Larmpr frequency of the observed spin. For 
PMMA the only motion for which this is apparently true, is the rotation of the 
α-СН. group, as demonstrated by the short Τ value. Most T. relaxation times 
of Table 2 seem to be caused by the α-СН- rotation and this rotation apparently 
is not much dependent on crystallinity or tacticity. 
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IS Table 2 С 2' in seconds of some polymethylmetaorylates at room temperature 
and 4b MHz. 
а-СН^ -С- OCH, C=0 
ύ О 
i-PMMA amorphous 
i-PMMA crystalline 
s-PMMA araorphous 
i-s PMMA complex 
0.053 
0.060 
0.053 
0.048 
0.034 
5.3 
5.4 
3.4 
3.6 
5.7 
5.9 
6.0 
6.1 
12. 
14. 
13, 
.5 
.0 
.3 
< 6 
7.2 
From mechanical relaxation experiments [7 ] it is known that a high-
frequency motion exists in PMMA and it was assumed to be the rotation of the 
OCH group. As the 0СН. Τ is much longer than the α-СН- Τ , either the 0СН. 
rotation correlation time is much larger or smaller than ω " . Experiments at 
a lower magnetic field show that the latter possibility is the case, showing 
that the motion at the highest frequency indeed is the OCH rotation. 
Although this is an example how high-resolution solid state NMR can 
contribute to the study of polymeric motion, it also shows the limitations of 
T. experiments: only high frequency motions can be studied. Molecular motions 
which are more directly related to mechanical properties of the material occur 
in a frequency range orders of magnitude lower. Therefore, Τ . measurements, 
which are supposed to depend on molecular motions in the 50 kHz frequency 
range, seem more promising. 
13 3. С spin-lattice relaxation in the rotating frame 
13 
Table 1 shows С T.. values for the amorphous and crystalline regions 
of POM. The crystalline Τ , in contrast to the amorphous Τ , depends on the 
rate of magic angle spinning, at higher spinning frequency Τ decreases [ 3 ] . 
This shows that the Τ process in the crystalline phase is special. Vander-
13 
Hart and Garroway [8 ] studied С Τ in a similar system, crystalline 
polyethylene, and conclude that at least in crystalline polymers the carbon 
Τ ρ is not a spin-lattice relaxation time but due to spin-spin interaction. 
As Τ describes the loss of carbon magnetization locked along Η in the 
carbon rotating frame, a fluctuating magnetic field is required for this 
relaxation process with a frequency Y
r
H . When the carbon spin is dipolar 
coupled to a proton, these fluctuating fields at the carbon site can arise in 
two ways: either molecular motions modulate the С - Η orientation or through 
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proton spin flips induced by the coupling to other protons. In the first case, 
the Τ ρ relaxation is a true spin-lattice relaxation related to molecular 
motions at a relative low frequency. In the second case, the fluctuations 
occur in the proton spin system and the Τ is caused by spin-spin relaxation 
and has nothing to do with molecular motions. 
The frequency range of these proton dipolar fluctuations is determined 
by the dipolar coupling between the protons and extends not much farther than 
the flip-flop frequency ν of two coupled nearest-neigbour proton spins. 
ΠΠ 
For the amorphous phase in POM there is so much motion that the proton-
proton dipolar interactions are partly averaged out and ν is smaller than 
γ Η , the Zeeman frequency of the carbon spins in the rotating frame. Therefore 
the Τ of the amorphous spins can be considered to be mainly caused by 
molecular motions. For the crystalline regions this is certainly not true 
and information about motions of the polymer cannot be derived from T. data. 
13 
How can we reduce this spin-spin contribution to the С T ] D? The most 
straightforward solution is to increase Η so that γ„Η > ν . This, however, 
J С 1 HH 
requires impractically strong rf fields [8 ] . The other possibility of course 
is to reduce ν , for instance by fast magic angle spinning. The onset of 
HH 
this effect, we believe, is displayed by the spinning dependence of the 
crystalline T i n in POM. At relative slow magic angle spinning ν > γ„Η , at 1^  HH L· I 
faster spinning \> ~ Ύ^Η and Τ decreases. At even faster spinning T,. 
HH С 1 1^  ι ^  
should increase again. The reduction of ν at faster spinning, also explains 
13 . 7 
the observed increase of the С NMR linewídth [ 3 ] . 
Another approach seems to be to reduce the proton spin flip-flop rate 
by rf irradiation at the proton spins. When the protons are irradiated off-
resonance during the on-resonance carbon spin-lock, the proton-proton (I - I) 
and proton-carbon (I - S) dipolar interactions in the double rotating frame 
are: 
K^p = 1/3 Σ B.j [ (3cos29I - 1) 
{ I .1 . - 1/4(1 .I . + I .1 .) } ] (1) 
Zl ZJ +i -J -i +J 
+ non-secular terms 
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+ S l n öI ( I +x S +k +
 1
-ъ
5
-ъ) ( 2 ) 
-
 2 С 0 Ч
 І ^ l ^ + k + S-l¿ ] 
In both axis systems the ζ axes are parallel to the effective fields, θ is 
the angle between the proton effective field and the external magnetic field, 
θ„ = 90 , В and С , are the usual spatial factors. When θ
τ
 = 0, no proton 
S ij ík I 
irradiation, the last term of eq. (2) is responsible for the carbon Τ . 
Modulation of С , by molecular motions causes the spin-lattice relaxation ík 
contribution and modulation of the spin factors by the proton spin flips, 
the spin-spin contribution. On-resonance irradiation of the protons eliminates 
the last term of eq. (2) but introduces strong cross-polarization via the 
first term of this equation. Proton irradiation far enough off-resonance to 
slow down the cross-polanzation, indeed increases the carbon Τ . For PMMA 
the longest Τ is found when the protons are irradiated ~ 60 kHz off-
resonance but both the spin-spin and spin-lattice contribution to Τ are 
decreased in the same amount as shown by eq. (2). Proton off-resonance 
2 
irradiation such that 3cos 9 - 1 = 0 should eliminate the proton spin flips 
in first order, but with our samples and Η fields the effect is not observable 
due to proton-carbon cross-polarization. 
4. Η spin-lattice relaxation in the rotating frame 
As mentioned in the introduction, proton spin diffusion in general averages 
out local differences of proton relaxation times. For POM for instance, the 
proton Τ [5 ] and Τ . for the amorphous and crystalline regions are the same. 
Eq. (1), however, shows that in first-order spin diffusion can be eliminated 
2 
by strong off-resonance irradiation such that 3cos 6 - 1 = 0 . Figure 1 shows 
that indeed spin diffusion between the amorphous and crystalline phase can 
13 be eliminated. With this technique, using the resolution of the С spectrum, 
the proton Τ can be selectively studied. As the proton Τ . is a pure spin-
lattice relaxation, this may be a better solution to study low-frequency 
13 
motions in crystalline polymers than via the C T . . Also spin diffusion 
rates between proton spins can be measured. 
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т = о 
CRYSTALLINE 
AMORPHOUS 
T = 15 ms 
-+- -t-
20 40 60 80 t (ms) 
Figure 1 Proton T. of the cry stalline and amorphous regions of polyoxymethylene 
13 
measured via С NMR. Proton spin diffusion is eliminated by off-resonance 
irradiation at the proton (at the magio angle) during time t. Using the fact 
IS 
that the crystalline С Τ is only a few msec and the fact that the cross-
polarization between the protons and carbons in the amorphous phase at 5.2 kHz 
MAS is very weak relative to the crystalline carbons, the two proton T10'scan 
1, 1С be separately measured. The crystalline Η Τ
Ί
 is ~ 150 msec, the amorphous 
Η Τ
Ί
 is 30 msec. 
71 
Acknowledgment 
We would like to thank F. Bosscher, Y. Tan and G. Challa of the University 
of Groningen for supplying us with the PMMA samples. 
References 
[ 1 ] A. Pines, M.G. Gibby and J.S. Waugh, J. Chem. Phys., 5JJ, 569 (1973). 
[ 2 ] J. Schaefer and E.O. Stejskal, J. Am. Chem. Soc, 98, 1031 (1976). 
[3 ] W.S. Veeman, E.M. Menger, W.M. Ritchey and E. de Boer, Maoromol., VI, 
924 (1979). 
[4 ] E.M. Menger, E. de Boer and W.S. Veeman, to be published. 
[5 ] N.J. Trappeniers, C.J. Gerritsma and P.H. Oosting, Physioa 30, 997 (1964). 
T.M. Conner, Tvans. Far. Soa., 60, 1574 (1964). 
[6 ] E.J. Vorenkamp, F. Bosscher and G. Challa, Polymer 20, 59 (1979). 
[7 ] R.P. Kambour and R.E. Robertson, in: Polymer So-ienae, ed. Jenkins, 
vol. I (1972). 
[8 ] D.L. VanderHart and A.N. Garroway, J. Chem. Phys., 7J_, 2773 (1979). 
[ 9 ] M. Mehring, High, resolution NMR spectroscopy in solids, section 4.4, 
Springer-Verlag (1976). 
72 
CHAPTER 9 
HIGH-RESOLUTION SOLID-STATE PHOSPHORUS-31 NUCLEAR 
MAGNETIC RESONANCE OF SOME TRIPHENYLPHOSPHINE 
TRANSITION-METAL COMPLEXES* 
J.W. D i e s v e l d , E.M. Menger, H.T. Edzes and W.S. Veeman 
Department of Physical Chemistry 
University of Nijmegen 
Toernooiveld, 6525 ED NIJMEGEN 
The Netherlands 
Sir: 
Triphenylphosphine is a widely used ligand in coordination chemistry. 
31 
Ρ NMR of its complexes in solution has become a standard technique. To our 
31 knowledge high-resolution solid-state Ρ NMR spectra of phosphine-metal 
complexes have not been reported in the literature. Employing high-resolution 
solid state NMR techniques, so far mainly used for С spectroscopy but also 
31 for Ρ NMR in biological membranes [ 1 ] , in phosphates [ 2 ] , and in poly-
31 phosphates [ 3 ] , we were able to obtain high-resolution Ρ NMR spectra of 
triphenylphosphine-metal complexes. Some representative spectra are shown in 
Figures 1-4. 
All spectra are obtained by combining proton dipolar decoupling, magic 
• · ., 1„ 31 . . 1 31 , . . 
angle spinning, and Η - Ρ cross polarization. Η - Ρ cross polarization 
. 3 1 . . 3 1 greatly enhances the sensitivity over conventional Ρ NMR (i.e., using Ρ 
90 pulses), since the repetition rate in the proton-enhanced experiment is 
^Published in: J. Am. Chem. Soc. 102, 7935 (1980). 
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SI 
Ρ NMR spectrum of RhCl(PPh7J (cross polarization time (CPÌ 5 ms, 
О 0 
Figure 1 
pulse interval 1 s, 52000 accumulations, magic angle spinning rate 4.2 kHz). 
,CLV 
V-V ^
o 
JJ Wv VvW-^^-^ 
Figure 2 Ρ MR spectrum of (Ph P) CuNO (CP time δ ms, pulse interval 5 s, 
1277 accumulations, spinning rate 3.5 kHz). 
74 
-¿O Ppm 
31 
Figure 3 Ρ NMR spectrum of (Ph,P)^СиСІ (CP time 5 ms, pulse interval 5 s, 
375 accumulations, spinning rate 3.5 kHz). 
200 ppm 
31 
Ρ NMR spectrum of [AUgiPPh^) ][N0, ] , (CP time 5 ms, pulse interval Figure 4 
5 Sj 4710 accumulations, spinning rate 3.5 kHz). 
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governed by the proton spin-lattice relaxation time (1-5 s) instead of the 
31 
Ρ spin-lattice relaxation time (several minutes for the solid compounds 
studied here). 
31 
The spectrometer is home built, operating at 72.862 MHz for Ρ and 180 
MHz for protons. The magic angle spinner will be described elsewhere [A ] . 
Wilkinson's catalyst, RhCl(PPh ) , has in first approximation a square-
planar coordination around the Rh atom, but there is a definite distortion 
toward tetrahedral geometry [ 5 ] . The unit cell has four, crystallographically 
equivalent molecules [5 ] . The total spectrum of RhCl(PPh ) shows a large 
number of spinning sidebands, spanning about 30 kHz. Figure 1 shows only the 
center bands; the spinning sidebands are merely replicas of the center bands. 
The large number of sidebands, however, demonstrate the existence of a large 
31 
Ρ chemical shift anisotropy. 
The low-field doublet, δ = +50.2 [6 ] , results from the coupling of the 
phosphorus atom trans to chlorine with rhodium (I = 1/2, abundance 100%) with 
coupling constant J(Rh-P) = 185 Hz. The spinning sidebands of this doublet 
are more intense than those of the high-field multiplet, indicating a larger 
chemical shift anisotropy. This results in a loss of intensity of the doublet 
relative to the multiplet. The high-field multiplet was analyzed as the AB 
part of an ABX spin system (A and В are the magnetically nonequivalent, 
mutually trans phosphorus atoms and X is Rh), with б = +24.6, δ = +32.0, 
A a 
J(Rh - P.) * J(Rh - P„) = 139 Hz, and J(P. - P,,) = 365 Hz. The coupling of 
А В A B 
the cis phosphorus atoms, normally in the range 0 - 50 Hz, is too small to be 
observed. The large trans coupling and the absence of a resolved cis coupling 
confirms that solid RhCl(PPh ) has a more square-planar than tetrahedral 
geometry. The parameters found for solid RhCl(PPh ) agree reasonably well 
with those derived from the solution spectrum in CH.C1„ [ 7 ] : δ„ „, = 
r
 2 2 Ρ trans CI 
+48.0, J(Rh - P) = 189 Hz, &„ . ^ = +31.5, J(Rh - P) = 142 Hz. In solution 
Ρ cis CI 
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the mutually trans phosphorus atoms are equivalent. However, couplings of non-
equivalent trans phosphorus atoms in rhodium compounds have been reported in 
the range 300 - 350 Hz [ 8 ] . 
31 
Only a few copper-phosphme complexes have been studied by Ρ NMR in 
solution [ 9 ] , investigations being hampered by dissociation reactions [ 9c ] . 
The only well-studied compound is [ {(MeOKP) , Cu ] [9a,b,d ] . 
The Cu atom in (Ph P).CuN0- is tetrahedrally coordinated to the two 
phosphorus atoms and two oxygen atoms of the NCL group [ 10 ] . The two 
31 
triphenylphosphine groups are equivalent. The solid-state Ρ NMR spectrum of 
(Ph P)-CuN0„, Figure 2, shows four main peaks at +26.0, +13.1, -7.0, and -31.1 
ppm, the outer peaks accompanied by satellite peaks at +28.3 and -33.1 ppm. 
The Cu isotope (abundance Cu 69.09%, Cu 30.91%) seems to be responsible 
for these satellite peaks. 
Because the crystal structure [ 10 ] shows that all phosphine groups are 
equivalent, the splitting of the phosphorus resonance line into four peaks has 
to be caused by coupling of the phosphorus spin (I = 1/2) to the Cu spin (I = 
3/2 for both isotopes). Surprisingly, the splitting between the lines of this 
quartet increases to higher field. An explanation of this effect may be that 
due to the presence of a Cu quadrupole interaction not small compared to the 
Cu Zeeman interaction, the Cu - Ρ dipolar and J tensor interactions are not 
averaged out by magic angle spinning. Then, in addition to the isotropic J 
coupling, also the dipolar and J tensor interactions contribute to the split-
13 14 
ting. Analogous effects for С - N couplings have been reported by Lippmaa 
1 3 
and co-workers [ 11 ] . However, in their case also a broadening of the С 
31 lines is found, while the Ρ lines of Figure 2 are only 2 ppm wide. In the 
absence of the Cu quadrupole interaction and without magic angle spinning, 
the Cu - Ρ dipolar interaction would result in a more than 3 kHz-wide powder 
pattern, assuming the Cu - Ρ distance to be 2.3 Ä [ 12 ] . In this communication 
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no attempt will be made to explain the unequal splittings together with the 
absence of severe line broadening. Both theoretical and further experimental 
work is" under way to clarify this point. 
In another copper complex, (Ph-P)„CuCl, the situation is different. Here 
the crystal structure of (Ph P) CuCl indicates that there are three molecules 
per unit cell, two are crystallographically identical, the third molecule 
31 being different [ 13 ] . The solid-state Ρ NMR spectrum of (Ph,P),CuCl, Figure 
3, shows resonances from the two different molecular sites at +9.9, -2.A, -15.3, 
and -27.9 ppm and at +7.6, -4.7, -17.2, and -29.9 ppm. Also Cu satellite 
peaks appear on the outer signals. Here the splittings within one quartet are 
not very different, between 900 and 940 Hz. This indicates a smaller Cu 
quadrupole interaction as compared to (Ph,P)„CuNO., which is reasonable in view 
of the higher local syrmetry (C. ) around Cu in (Ph.P)-CuCl. 
Of the few known gold cluster compounds the spectrum of one of the more 
interesting clusters, [Au
n
(PPh ). ][N0. ] is given in Figure 4. The spectrum 
shows two lines, the low-field one asymmetric, at +48.0 and +68.7 ppm. 
Because the splitting is too large for a dipolar splitting (for a Au - Ρ 
distance of 2.3Â[ 12 ] the rigid lattice dipolar linewidth is calculated to be 
only 200 Hz), these lines must result from two inequivalent Ρ sites, either 
in one molecule or in two, crystallographically inequivalent, molecules of the 
unit cell. 
Unfortunately, the crystal structure is not known and no choice between 
these two possibilities can be made. In solution all phosphine groups are 
equivalent: in CD-C1 one sharp resonance is found at +57.1 ppm [ 12 ] . 
We have now investigated 30 metal-phosphine complexes by high-resolution 
31 
solid-state Ρ NMR. In this preliminary report only four representative 
spectra are shown, but it seems clear that NMR studies with solid-state line-
narrowing techniques can provide valuable information about the structure 
of such complexes in powders. 
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CHAPTER 10 
QUADRUPOLE EFFECTS IN HIGH RESOLUTION PH0SPH0R0US-31 
SOLID STATE NUCLEAR MAGNETIC RESONANCE SPECTRA 
OF TRIPHENYLPHOSPHINE COPPER(I) COMPLEXES* 
E.M. Menger and W.S. Veeman 
Department of Molecular Spectroscopy 
Faculty of Science, University of Nijmegen 
Toernooiveld, 6525 ED NIJMEGEN 
The Netherlands 
Abstract High Resolution P-31 solid state NMR spectra of 
triphenylphosphine copper(I) complexes, obtained by com-
bining proton dipolar decoupling, proton-phosphorous cross 
polarization and magic angle spinning, often reveal 
asymmetric quartets rather than single resonance lines. 
These splittings arise from coupling with the nuclear 
spin 3/2 of the quadmpolar copper nucleus. Theoretical 
NMR spectra of spins I - 1/2 coupled to spins S > 1/2 
are presented for powders spinning at the magic angle. 
Scalar as well as dipolar interactions are considered 
for the S = 1 and S = 3/2 case. The magnetic field 
dependence of the observed asymmetric quartets in bis-
(triphenylphosphine)copper(IJnitrate can be accounted 
for by assuming a combination of scalar and dipolar 
coupling between phosphorous and copper. The spectra 
allow the determination of the scalar coupling constant, 
the dipolar coupling constant, and the copper quadrupole 
constant. Also, their signs can be established. 
*Accepted for publication in: J. Magn. Reson. 
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I. Introduction 
Recently we reported high resolution phosphorous-31 solid state NMR 
spectra of some representative triphenylphosphine complexes [ 1 ] , obtained 
by combining magic angle sample spinning [ 2 ] , proton dipolar decoupling, 
and proton-phosphorous cross-polarization [ 3 ] . This combination of high 
resolution solid state NMR techniques, first successfully applied to 
carbon-13 by Schaefer and Stejskal [4 ] , yields, in principle, NMR spectra, 
determined by isotropic chemical shifts and scalar spin-spin coupling 
constants, similar to NMR spectra obtained from solutions. 
These techniques work equally well for phosphorous-31 [1,5 ] , although 
there are more causes of line broadening than in the carbon-13 case. The 
most severe source of line broadening is the dipolar interaction between 
phosphorous nuclei and neighbouring protons. These static dipolar inter-
actions are too large (10-30 kHz) to be averaged out by presently achievable 
sample spinning rates of a few kHz. Sufficiently strong proton dipolar 
decoupling fields (40 kHz or more), however, effectively eliminate the 
broadening due to proton-phosphorous dipolar couplings. The magnitude of 
(homonuclear)phosphorous-phosphorous dipolar couplings in these complexes 
is much smaller and magic angle sample spinning rates of a few kHz suffice 
to reduce this broadening to an acceptable level. 
The anisotropy in the phosphorous-31 chemical shifts in triphenyl-
phosphine complexes can be very large (40 kHz or more). Broadening due to 
chemical shift anisotropy is effectively eliminated by magic angle spinning, 
if the spinning frequency is larger than the anisotropy. Slow spinning 
results in an array of narrow lines, i.e. a center band, located at the 
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isotropie value of the chemical shift 6, and "spinning sidebands" located 
at δ ± nv , where η is an integer, and ν the sample spinning frequency 
[6,7,8 ]. Methods have been devised to retrieve information about the 
chemical shift tensor from these sidebands [ 8,9 ] . We will limit ourselves 
to the discussion of "isotropic spectra" and merely note that the presence 
of sidebands can result in distorted spectra as far as relative intensities 
of centerbands is concerned. The linewidths observed in our spectra are 
of the order of 100 Hz. 
As noted by Diesveld et al.[ 1 ], the phosphorous resonance lines of 
triphenylphosphine copper(I) complexes are often split into asymmetric 
quartets. As an example Figure 1 shows the observed phosphorous-31 NMR 
spectra of powdered bis(triphenylphosphine) copper(I)nitrate (BTCN) at 
three different magnetic fields, corresponding to phosphorous-31 resonance 
frequencies of 121, 72 and 24 MHz, respectively. Since the molecule possesses 
a two-fold axis, intersecting the P-Cu-P angle, and since the unit cell 
contains four crystallographically equivalent molecules [10 ] only a single 
phosphorous-31 NMR resonance line is expected, possibly split into a 
regular quartet due to scalar spin spin coupling with the spin 3/2 of the 
copper nucleus. That the observed asymmetric quartets arise from a splitting 
of the phosphorous-31 resonance coupled to the copper spin 3/2 and not from 
four inequivalent phosphorous nuclei is further evidenced by the fact that 
the distances between the lines, expressed in ppm, are different for 
spectra measured at different fields. 
Recently several authors reported high resolution carbon-!3 solid state 
NMR spectra in which the resonances of carbon-13 nuclei, directly bonded 
to nitrogen, were broadened or split into asymmetric doublets [ 11-16 ] . 
83 
121 MHz 
72 MHz 
24 MHz 
—I 
-3 kHz. 
31 Figure 1 High resolution Ρ solid state NMR spectra of bis(triphenylphosphine) 
copper(I)nitrate at three different magnetic fields. Line positions in kHz 
relative to the approximate center of gravity of each spectrum. Magnetic field 
increases from left to right. Resonance frequencies indicated in the figure 
31 
are those of P. 
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These splittings were shown to arise from dipolar coupling between the 
carbon-13 and the nitrogen-14 nucleus, not averaged out by magic angle 
spinning because of the sizeable quadrupole interaction of the nitrogen-14 
nucleus [ 13-17 ] . 
A comparable situation is expected in triphenylphosphine copper(I) 
complexes, where the copper nucleus is subjected to quadrupole interactions 
of the order of magnitude of 15 to 30 MHz [ 18,19 ] . In these compounds, 
however, the scalar coupling between phosphorous and copper nuclei is 
expected to be largely responsible for the observed splittings. To test 
this hypothesis theoretical NMR spectra of spins 1 = 1 / 2 coupled to spins 
S > 1/2, subjected to a quadrupole interaction, are calculated for powders 
spinning at the magic angle. Dipolar couplings, scalar couplings as well 
as combinations thereof are considered. Results for S = 1 as well as S = 3/2 
are presented. Our results for dipolar coupling between 1 = 1 / 2 and S = 1 
parallel those of other authors [ 17 ] and are merely included for reference 
purposes. Theoretical calculations for 1 = 1 / 2 coupled to S = 3/2 through 
both dipolar and scalar interactions are shown to be consistent with 
experimentally observed spectra of BTCN and similar complexes. In particular 
the field dependence of these spectra can be accounted for. 
II. Experimental 
Phosphorous-31 NMR spectra of BTCN were measured at three different 
frequencies: 121, 72 and 24 MHz. The 72 MHz spectrum is observed on a home-
built spectrometer with a 4.2 Τ wide-bore superconducting magnet from 
Oxford Instruments. The 24 MHz spectrum is recorded on a home-built 
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spectrometer, equipped with a l.A Τ Varían magnet. Finally, the 121 MHz 
spectrum was obtained on a Bruker CXP30Û, by courtesy of Bruker Spectrospin. 
The probes used at 24 and 72 MHz, are of the double tuned single coil 
type and proton decoupling fields up to 40 kHz were used. The magic angle 
sample spinning assembly used in the 72 MHz probe has been described 
elsewhere [ 20 ] . A similar probe was constructed for use at 24 MHz, allowing 
the same spinners to be used at 24 and 72 MHz. Hollow Delrin spinners, 
containing approximately 200 mg sample, were used, and rotation frequencies 
of 4 kHz were generally found satisfactory. 
Phosphorous-31 nuclei in the compounds studied, were found to have 
excessively long spin-lattice relaxation times, prohibiting direct 
observation of the phosphorous nuclei by 90 pulses. Proton-phosphorous-3] 
cross polarization, however, enabled us to obtain spectra with a good 
signal to noise ratio in a short time thanks to the relatively short proton 
spin-lattice relaxation time, which is usually of the order of a few 
seconds. The settings of the spectrometers were chosen in such a way as 
to have a maximum proton decoupling field, even if this resulted in a 
mismatch of the Hartmann Hahn condition [ 3,21 ] . 
III. Theoretical 
A. Dipolar Interactions 
Magic angle spinning eliminates broadening due to dipolar interactions 
between two spins I and S if, and only if, both spins are quantized along 
the magnetic field. Magic angle sample spinning does not remove the dipolar 
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broadening completely if one of the spins, say S is not quantized along the 
magnetic field. Such a situation can arise if S belongs to a quadrupolar 
nucleus, subjected to both quadrupole and Zeeman interactions. In this case 
the axis of quantization of S is in general tipped away from the magnetic 
field and the eigenfunctions of the quadrupolar nucleus become linear 
combinations of the pure Zeeman states |m > : 
ф^ = Σ a^m > (1) S m' 
m 
where the index i designates the i-th energy level. In order to obtain the 
energy levels and the corresponding eigenfunctions of spin S a combined 
Zeeman-quadrupole Hamiltonian must be considered. Following Abragam [ 22 ] 
we have for an axially symmetric EFG tensor, in a coordinate system with 
-> . . . 
В along the z-axis and the unique axis of the EFG tensor in the x-z plane: 
je = JC + π 
S Z Q 
^
 =
 -
Y
s
h B S
z 
sc
 3 e
 qQ ι г™*2* - -b r «¡2 
KQ = 4S(2S - 1) ( ( C 0 S θ - I 5 [ S z - 4 ( S + S - + S - S + > 1 
+ ^ 5Іп соз [8 (S^ + S ) + (S^ + S )S ] ¿ ζ + _ + - ζ 
+ { s i n 2 9 ( S ^ + S 2) } (2) 
where S = S + iS 
+ χ - y 
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In this expression θ is the angle between the unique axis of the EFG tensor 
and the z-axis. Hence the eigenenergies and eigenstates of (2) depend on 
the orientation of the EFG tensor with respect to the magnetic field. 
Moreover, the spin S has non-vanishing components perpendicular to the 
magnetic field and, as pointed out by VanderHart et al. [ 23 ] , a proper 
calculation of the dipolar interaction between I and S should take this 
into account. Limiting ourselves to the situation in which the internuclear 
vector r, coincides with the unique axis of the EFG tensor we have: 
ylySh 2 3f = -=-=— { (1 - 3cos Θ)Ι S - Ззіп сов I S } (3) D 3 ζ ζ ζ χ 
in the coordinate system used in writing JC , the combined Zeeman-quadrupole 
Hamiltonian of the S-spin. In the equation above it has been assumed that 
the 1 = 1 / 2 spin is quantized along B, which is a good approximation as 
long as the dipolar interaction is small compared to the I-spin Zeeman 
interaction. Note the appearance of terms having angular dependance other 
2 
than (3cos θ - 1). 
Using (3) we obtain for the frequency shifts Δω. of the I-spin with 
respect to the unperturbed resonance frequency 
Y I Y S h 2 Δω. = , { < S > . (3cos θ - 1) + 3 < S > . зіп соз } (4) 
ι 3 z i χ ι 
where 
< S
x , z
> i = <*sl Sx' Szl*S > ( 5 ) 
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Every state φ (i = 1,2, ) gives rise to a frequency shift Δω.. The 
expectation values < S > . and < S > . can be expressed in the expansion r
 χ ι ζ ι 
coefficients a , defined in equation (1). Thus, we obtain for the splittings 
m 
of the 1=1/2 resonance, due to dipolar coupling with S = 1. 
YI YS h i 2 i 2 2 Δω
ί
 - ^ у - { [ (а}Г - (а^Г ] (Зсоз^ -І) 
+ 3/2 /2 (а^  + a^ jíaij sin 2 ) (6) 
with i = 1, 2, 3. Similarly, for S = 3/2: 
YIYStl i 2 i 2 
Δω. = - ^ - { [3/2(ay2)¿ - 3/2(а*3/2Г 
+ l/2(a| / 2) 2 - l/2(a^ 1 / 2) 2 ] (Зсо32 - 1) 
+ [3/3 (аз / 2а^ / 2 +
 а!: 1/2
а
-з/2 ) + 6 aí/2a-l/2 Нзіп соз ) } (7) 
with i = 1, 2, 3, 4. The coefficients a appearing in (6) and (7) are 
obtained by diagonalizing the Hamiltonian (2) of the nucleus S. Dipolar 
coupling between a spin 1 = 1 / 2 and a spin S > 1/2 has been studied in 
powders [23,24 ] as well as single crystals [ 14,25,26 ] using the procedures 
discussed above. 
In magic angle sample spinning experiments, a periodic time dependence 
is imposed on the Hamiltonian of the system. This time dependence can be 
introduced explicitly through the relation 
cos9 = cosricosB + sinnsin8cos(u) t + a) (8) 
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In this equation θ is the angle between the internuclear vector г and the 
magnetic field, nis the angle between the magnetic field and the rotation 
axis, i.e. the magic angle, and β defines the angle between r and the 
rotation axis, ω is the sample spinning frequency, α is the azimuth angle 
at time t = 0 of ? with respect to the rotation axis. In the presence of a 
quadrupole interaction comparable to the Zeeman interaction, the use of 
zero-th order average Hamiltonian theory, in which the system is described 
by a Hamiltonian, averaged over rotation, is not allowed. Rather than 
introducing higher order average Hamiltonians, we assume that the eigenfunctions 
and eigenenergies of the quadrupolar nucleus change adiabatically during 
sample rotation. We then proceed by calculating the eigenenergies and 
eigenstates of the quadrupolar nucleus for a large number of angles ω t. 
Next, the corresponding dipolar splittings of the I-spin resonance are 
calculated, and averaged over rotation. In order to obtain the NMR spectrum 
of a powder, this procedure is done for all possible orientations β within 
the sample. Thus every orientation β gives rise to an average dipolar 
splitting of the I-spin resonance. Since these average dipolar splittings 
are generally different for different orientations β, the I-spin resonance 
will consist of (2S + 1) rather broad lines. Each "line" is in fact a 
powder pattern with characteristic divergencies and shoulders. The calculations 
sketched above have been carried out for various values of the parameter 
2 
К = - [ /.с/тс _ ι / Ύς^Β ] a nd the final results are shown in Figures 
2 and 3, for S = 1 and S = 3/2 respectively. Figure 2 was obtained earlier 
by Kundla and Alia [ 17 ] by numerical evaluation of an analytical expression 
for Δω., in which the eigenenergies of the S-nucleus, the ratio of 
quadrupole and Zeeman frequency of the S-nucleus, and соз appear as 
90 
Figure 2 Calculated line positions of I = 1/2 multiplet, arising from dipolar 
coupling with S - I (relative to the unperturbed I = 1/2 resonance frequencyÌ as a 
function of the parameter К -
 4σ/ηη_ η ι /Ус^В (see text). Line positions are given in 
units o f the dipolar coupling constant, i.e. γ.γ /2-nhr Hz. The absolute value of К 
is indicated on the horizontal axis. Negative K-values, i.e. apositive quadrupole 
coupling constant (assuming Υτ-Υς > 0) result in figure 2. A negative quadrupole coup­
ling constant inverts the graph, i.e. reverses low and high field lines in the MR 
spectrum. 
Figure 3 Calculated line positions of I = 1/2 multiplet, arising from dipolar coup­
ling with S = 3/2 (relative to the unperturbed I = 1/2 resonance frequency), as a 
function of the parameter К (see text). 
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parameters. Vertical cross sections of these figures correspond to the 
1 = 1 / 2 spectra for various values of the parameter K. One (vertical) unit 
3 
corresponds to the factor (γ γ h/r ), appearing in equations (6) and (7). 
2 
Figure 2 is obtained for negative K-values, i.e. positive values of (e qQ/h) 
(Υ
τ
ιΎς positive).For small (negative) values of К the I-spin spectrum 
consist of a "doublet": a narrow "line" at high field and an approximately 
twice as broad "line" at low field. Again it is stressed that these lines 
are actually powder patterns with characteristic shoulders and divergencies. 
The narrow line is a superposition of two powder patterns. The total width 
of each powder pattern is only a fraction of the dipolar coupling constant 
(for small K-values). In practice we are never dealing with infinitely sharp 
lines. Therefore these powder patterns are expected to give rise to 
relatively broad single "lines" whenever the linebroadening is of the same 
order of magnitude as the separation between the divergencies within each 
2 
powder pattern. A change in the sign of (e qQ/h) will invert the figures. 
2 
Thus a negative value of (e qQ/h) will result in a narrow low field peak 
and a broad upfield peak. Such doublets have been reported for carbon-13, 
dipolar coupled to nitrogen-14 by several authors [11-15 ] . For large K-
values (low magnetic fields) three lines are predicted: a narrow line 
approaching the unperturbed 1 = 1 / 2 resonance frequency and two broad 
lines, shifted to higher and lower frequencies by approximately the 
dipolar coupling constant. 
Figure 3 gives the results for 1 = 1 / 2 coupled to S = 3/2. Again for 
small K-values a doublet will be observed. Large K-values result in a 
quartet and very complicated spectra are expected if К * 1. Again a change 
2 in the sign of (e qQ/h) inverts the figure. 
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В. Indirect nuclear spin-spin couplings 
The frequently observed multiplets in NMR spectra of solutions arise 
from (electron coupled) indirect nuclear spin-spin couplings, represented 
by the Hamiltonian 
JC = aî.t = a(I S + I S + I S ) (9) 
x x y y ζ ζ 
When both spins are quantized along the magnetic field, which will be the 
case if the scalar coupling is only a small perturbation,this Hamiltonian 
can be replaced by 
JC = al S (10) 
ζ ζ 
The same multiplet structure is expected for powders spinning at the magic 
angle, as long as m and m are good quantum numbers. This is no longer 
true if one of the spins, say S, is subjected to a quadrupole interaction, 
not small compared to its Zeeman interaction. Then S is no longer quantized 
along the magnetic field and the S component is dependent upon the 
orientation of the EFG tensor with respect to the magnetic field. Thus the 
Hamiltonian (10) becomes angular dependent, and magic angle spinning 
results in a periodic time dependence of this Hamiltonian. Again the use 
of zero-th order average Hamiltonian theory is not allowed and we therefore 
calculate the splittings of the I-spin resonance due to indirect nuclear 
spin-spin coupling with a spin S of a quadrupolar nucleus in the same way 
as described above for dipolar splittings. The results of these calculations, 
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Figure 4 Calculated line positions of I = 1/2 multiplet, arising from scalar 
coupling with S = 1. One vertical unit corresponds to (a/h) Hz. Opposite signs 
2 
assumed for (a/h) and (e qQ/h). 
Figure 5 Calculated line positions of I = 1/2 multiplet, arising from scalar 
coupling with S - 3/2. One vertical unit corresponds to (a/h) Hz. Opposite 
2 
svgns assumed for (a/h) and (e qQ/h). 
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again as a function of the parameter К = - [ ¿c/yo _—¡Τ / γς' 1 Β 1 ' a r e s^10"11 
in Figures 4 and 5 for S = 1 and S = 3/2 respectively. In these figures 
one vertical unit corresponds to the scalar coupling constant. 
Small |K|-values result in "normal" multiplets, i.e. a triplet if S = 1 
and a quartet if S = 3/2. In the presence of large quadrupole interactions 
(comparable to or larger than Zeeman interaction), however, distorted multiplets 
arise. For very low magnetic fields (|к| > 1) a triplet is expected for I = 1/2 
coupled to S = 1. In these triplets the distance between the lines approaches 
•=• a; i.e. one half of the splitting expected for К < 1 . In the case S = 3/2 
a doublet will be observed if |к] ^  1, the distance between the lines 
approaching one half of the total width of the "normal" quartet, observed 
9 
for |K| < 1. A change in sign of e qQ/h inverts the graphs. So does a change 
in the sign of the scalar coupling constant a. Therefore only relative 
2 
signs of a and e qQ/h can be obtained in the case of pure scalar coupling. 
Again the lines in the spectra are actually powder patterns. The 
total width of each powder pattern, however, is only a fraction of the 
scalar coupling constant a (even for large K-values) and, consequently 
single, slightly broadened, lines will be seen in most experimental spectra. 
IV. Experimental Results 
Copper nuclei in triphenylphosphine copper(I) complexes have pure 
quadrupole frequencies in the range 1 5 - 3 0 MHz [18,19 ] , depending on 
their coordination. Using ν = 15 MHz, a typical value for four-
2 
coordinated copper [ 18,19 ] we have (e qQ/h) = 30 MHz. The Zeeman 
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frequencies of copper in the magnetic fields used in our study are 
approximately 75 MHz, 45 MHz and 15 MHz. The three spectra, shown in 
figure 1 therefore correspond to К = 0.1, К = 0.16 and К = 0.5, respectively. 
Thus we see that the experimental spectra of BTCN do not match theoretical 
spectra calculated for pure dipolar coupling between 1 = 1 / 2 and S = 3/2. 
Neither do these spectra match calculated spectra for pure scalar coupling. 
The presence of four lines (neglecting the splitting of the outer two 
lines for the moment) at high fields (K = 0.1 and К = 0.16) suggest scalar 
coupling whereas the severe broadening at low field (K = 0.5) suggests 
dipolar coupling. We therefore calculated theoretical spectra for 1 = 1 / 2 
coupled to S = 3/2 in the presence of both dipolar and scalar coupling 
for various ratios of the dipolar coupling constant and the scalar coupling 
2 3 
constant. An example of these calculations, in which we choose (γ γ h/r ) = 
•y a, is shown in Figure 6. It is clear that these calculations reflect the 
experimental spectra of BTCN shown in Figure 1. A slightly asymmetric 
quartet is predicted for К ~" 0.1 (and observed at 121 MHz), a highly 
asymmetric quartet is predicted for К ~ 0.16 (and observed at 72 MHz), and 
a triplet is predicted for К ~ 0.5 (and observed at 24 MHz). Although the 
experimental spectra follow the trend in Figure 6, they do not match the 
theoretical spectra exactly. This is not surprising since the choice 
2 3 
(Υ
τ
γ
ς
ίΐ /r ) = a/2 is somewhat arbitrary, and, more important, axial symmetry 
-*-
of the EFG tensor around the internuclear vector r is assumed in the 
theoretical calculations. If the latter assumption is abandoned an accurate 
2 3 2 determination of a, y y h /r , and e qQ/h should be possible by optimizing 
2 3 
the ratio a/(γ γ h /r ) such that the experimental spectra fit the calculated 
spectra. In Figure 6 the same sign was assumed for a and Ύ
τ
Ύς· Calculations 
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Figure 6 Calculated line positions of I = 1/2 multiplet, arising from combined 
2 2 
scalar and dipolar coupling with S = 3/2. In this graph we assumed yTyJ^ /r -
1 2 . 
-ζ a. Furthermore К was choosen positive, i.e. (e qQ/h] < 0 if yT,yc,> 0. One 
vertical unit corresponds to (a/h) Hz. 
in which opposite signs were choosen do not match the experimental spectra. 
31 . . . 
Therefore, since both γ ( Ρ) and γ (Cu) are positive, the sign of the scalar 
coupling coupling constant a can be established as positive. The magnitude 
of (a/h) is in good approximation equal to the distance between the two center 
lines for spectra measured at high fields (K = 0.1 and К = 0.16). Thus we 
obtain (a/h) ~ 1450 Hz. From this value we find r (Cu - F) = 2.5 Ä (assuming 
2 3 (γ
Γ
 γ h /r ) = a/2) in good agreement with the value 2.25 Â determined 
crystallographically [ 10 ] despite the assumption of axial symmetry of the EFG 
tensor around internuclear vector. Thus far nothing has been said about the 
splittings of the outer two lines in the spectra at 121 and 72 MHz. These are 
У7 
caused by the presence of two copper isotopes; Cu and Cu. These isotopes 
(69 and 31% respectively) have both S = 3/2 but slightly different gyromagnetic 
ratios and nuclear quadrupole moments. The spectra therefore correspond to the 
superposition of two distorted quartets, the more intense quartet belonging 
Co Cu, and the other to Cu. The latter isotope has a larger gyromagnetic 
ratio, and consequently, larger scalar and dipolar coupling constants resulting 
in larger splittings of the I-spin resonance. 
V. Summary 
Theoretical NMR spectra for powders spinning at the magic angle have 
been presented for 1 = 1 / 2 nuclei coupled to S > 1/2 nuclei through dipolar 
31 
and scalar interactions. The experimental Ρ NMR spectra of BTCN measured 
at 121, 72 and 24 MHz can be qualitatively explained if one assumes both 
dipolar and scalar interactions between the phosphorous and copper nuclei. 
From these spectra we obtain absolute signs of the scalar coupling constant 
(positive) and the quadrupole coupling constant (positive) as well as 
approximate values of the scalar coupling constant (~ 1450 Hz) and the Cu - Ρ 
distance (~ 2.5 A ) . 
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ABSTRACT 
Recently developed high resolution solid state Nuclear Magnetic Resonance 
(NMR) techniques allow the measurement of NMR spectra of a wide variety of 
solid substances with a resolution comparable to the resolution of NMR spectra 
of liquids. For instance, high resolution carbon-13 NMR spectra of solids can 
be obtained by combining proton dipolar decoupling, which suppresses broadening 
of the carbon-13 resonance arising from anisotropic carbon-proton dipolar 
interactions, with magic angle spinning, which removes residual broadening 
arising from anisotropy in the carbon-13 chemical shift. Hence, the measure­
ment of isotropic chemical shifts and spin-lattice relaxation parameters of 
chemically shifted nuclei can be measured, thus providing the spectroscopist 
with a wealth of data from which important information can be extracted about 
molecular structure and dynamics. 
Solid polyoxymethylene, a semi-crystalline polymer was investigated by 
means of high resolution solid state carbon-13 NMR. Carbon-13 spectra and 
relaxation times, in the laboratory frame as well as the rotating frame, have 
been measured. Both spectra and relaxation parameters indicate the presence of 
two components in this polymer: a rather mobile "amorphous" part and a more 
rigid "crystalline" part. Molecular motions in the amorphous part with 
13 . . 
relatively large amplitudes result in a short С spin-lattice relaxation time 
(~75 msec). The anisotropy in the chemical shift is largely averaged out. 
Highly restricted motions in the crystalline part result in relatively long 
spin-lattice relaxation times (~15 sec). These restricted motions do not 
average out the anisotropy in the chemical shift. The spin-lattice relaxation 
time in the rotating frame, for the crystalline part, is largely determined 
by "spin-spin effects". It depends on the sample rotation frequency in a magic 
angle spinning experiment. 
Also, some polymethylmethacrylates, of differing tacticity and crystal-
. 1 3 
linity, have been studied by С NMR. Carbon-13 spin-lattice relaxation times 
do not depend significantly upon tacticity and crystallinity. The a-CH 
rotation seems to be the dominant relaxation mechanism in all samples, and, 
apparently, this rotation does not depend much upon crystallinity or tacticity. 
The great utility of phosphorous-31 NMR in the study of triphenylphosphine 
31 
transition metal complexes is demonstrated in Chapter 9. Ρ NMR spectra of 
these complexes allow measurement of isotropic chemical shifts and spin-spin 
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coupling constants. It is found that the structure of some of these complexes 
in the solid state differs from the structure in solution. 
Chapter 10 deals with quadrupole effects in magic angle spinning NMR. 
Dipolar interactions between spins 1 = 1 / 2 and spins S > 1/2 of quadrupolar 
nuclei are, in general,not averaged out by magic angle spinning. As a conse­
quence, asymmetric multiplets appear in the NMR spectra of the I-spins. Also, 
it is shown that isotropic nuclear spin-spin interactions between 1 = 1 / 2 
and S > I/2 can give rise to asymmetric multiplets, rather than symmetric 
multiplets such as normally observed in solution NMR. Theoretical NMR spectra, 
for powders spinning at the magic angle, are presented for 1 = 1 / 2 spins 
coupled to quadrupolar nuclei, with S > 1/2, through dipolar- and indirect 
spin-spin interactions for various ratios of the quadrupole and Zeeman 
31 
frequency of the S-spin. As an example the Ρ NMR spectra of copper(I) bis 
triphenylphosphine nitrate are shown, measured at three different magnetic 
fields. The spectra indicate the presence of both dipolar and scalar interactions 
31 between the Ρ nucleus and the copper nucleus. The signs of the copper 
quadrupole coupling constant and the copper phosphorous spin-spin coupling 
constant were established as positive and an estimate of the P-Cu distance 
could be made (~2.5Â). 
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SAMENVATTING 
Recent ontwikkelde hoge resolutie vaste stof kernspin resonantie (NMR) 
technieken maken het mogelijk om NMR spectra van vaste stoffen te meten met 
een resolutie die vergelijkbaar is met de resolutie van vloeistof spectra. 
Zo kan men, bijvoorbeeld, hoge resolutie koolstof-13 NMR spectra van vaste 
stoffen verkrijgen door proton dipolaire ontkoppeling, die verbreding van de 
koolstof-13 resonantie door koolstof-proton dipolaire interacties elimineert, 
te combineren met "magic angle spinning", waarmee resterende verbreding ten 
gevolge van anisotropie in de koolstof-13 chemische verschuiving geëlimineerd 
wordt. Op deze wijze kunnen isotrope chemische verschuivingen en relaxatie 
parameters van magnetisch inequivalente kernen gemeten worden. Deze parameters 
verschaffen informatie over moleculaire structuur en bewegingen. Met behulp 
van bovengenoemde vaste stof NMR technieken zijn enkele vaste polymeren en 
overgangsmetaalcomplexen onderzocht. 
Polyoxymethyleen, een semi-kristallijn polymeer is bestudeerd met behulp 
van hoge resolutie vaste stof koolstof-13 NMR. Koolstof-13 NMR spectra en 
relaxatie parameters zijn gemeten. Zowel de spectra als de relaxatie tijden 
duiden op het bestaan van twee componenten in dit polymeer: een amorf gedeelte, 
en een minder beweeglijk kristallijn gedeelte. Moleculaire bewegingen, in de 
amorfe component, met een relatief grote amplitude, resulteren in een korte 
koolstof-13 relaxatie tijd (~75 msec). De anisotropie in de chemische ver-
schuiving wordt door deze bewegingen grotendeels uitgemiddeld. Anisotrope 
bewegingen in het kristallijne gedeelte, met een kleine amplitude, resulteren 
in lange koolstof-13 relaxatie tijden (~15 sec). Deze, beperkte, bewegingen 
middelen de anisotropie in de chemische verschuiving niet uit. Ook zijn 
relaxatie tijden in het roterende assenstelsel gemeten. Deze relaxatie tijd 
wordt, voor het kristallijne deel, voornamelijk bepaald door spin-spin effec-
ten. In een magic angle spinning experiment is deze relaxatie tijd afhanke-
lijk van de rotatie frequentie. Tevens zijn enkele polymethylmethacrylaten, 
van verschillende tacticiteit en kristalliniteit, bestudeerd. Verschillen in 
tacticiteit en kristalliniteit komen niet, of nauwelijks, tot uitdrukking 
in verschillen in spin-rooster relaxatie tijden. α-СН, rotatie lijkt het 
voornaamste relaxatie mechanisme te zijn en deze rotatie is niet, of nauwe­
lijks, afhankelijk van de tacticiteit en kristalliniteit van het polymeer. 
Enkele triphenylfosfine overgangsmetaalcomplexen zijn onderzocht met be-
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hulp van hoge resolutie fosfor-31 vaste stof NMR. Uit deze spectra kunnen 
isotrope chemische verschuivingen en spin-spin koppelingsconstanten bepaald 
worden. Het is gebleken, dat de structuur van sommige complexen in de vaste 
stof verschilt van die in oplossing. 
In het laatste hoofdstuk worden quadrupool effecten in hoge resolutie 
vaste stof NMR besproken. Dipolaire interacties tussen spins I = 1/2 en 
S > 1/2, van quadrupool kernen, worden, in het algemeen, niet uitgemiddeld 
door magic angle spinning. De I-spin resonantie is in dat geval opgesplitst 
in een asymmetrisch multiplet. Isotrope spin-spin interacties tussen spins 
I = 1/2 en spins S > 1/2 resulteren eveneens in asymmetrische opsplitsingen 
van de I-spin resonantie. Theoretische NMR spectra van poeders onder magie 
angle spinning condities worden gepresenteerd voor 1 = 1 / 2 spins, gekoppeld 
aan S > 1/2 spins door dipolaire en/of scalaire interacties, voor verschillen-
31 de verhoudingen van quadrupool- en Zeeman frequenties van de S-spins. Ρ 
NMR spectra van koper(I) bis(triphenylfosfine)nitraat zijn gemeten bij drie 
verschillende magneetvelden. Zowel dipolaire als scalaire interacties tussen 
31 de fosfor spins en de koper spins dragen bij tot het Ρ NMR spectrum. De 
koper quadrupool koppelingsconstante, de fosfor-koper spin-spin koppelings-
constante, alsmede de koper-fosfor afstand werden uit deze spectra bepaald. 
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STELLINGEN 
Opmerkelijke verschillen tussen de Westeuropese landen en 
de U.S.A. blijken onder meer uit het, vrijwel gelijktijdig, 
opschorten van economische hulp aan Turkije door de Europese 
gemeenschap, en het uitbreiden van militaire hulp aan dat-
zelfde land door de U.S.A. 
II 
De door Wong et al. gebruikte methode om de "interlayer 
exchange" constante te bepalen in quasi twee-dimensionale 
systemen is onjuist. 
R.J.H. Wong et al., J. Chem. Phys.j 7J_, 6018 (1981). 
P.T. Manoharan et al., J. Chem. Phys., 74, 1980 (1981). 
III 
Aan het directe effect dat insuline heeft op electroliet 
metabolisme, met name dat van natrium, op cellulair 
niveau, wordt ten onrechte voorbij gegaan in vele leer-
boeken over endocrinologie, ondanks het feit dat in veel 
publicaties op deze eigenschap van insuline gewezen wordt. 
R.H. W-Llliams, Ed., "Textbook of endocrinology", Saunders, 
Philadelphia, 5° editie, 1974. 
R.D. Moore en R.K. Gupta, Int. J. Quantum Chem., Quantum 
Biology Symp., 7_, 83 (1980) en hierin genoemde referenties. 
IV 
Dat kernafval in indianen reservaten gedumpt wordt, is op 
geen enkele wijze te rechtvaardigen. 
V 
Tussen Turken en Arabieren wordt te weinig, en tussen 
Turken en Grieken te veel verschil gemaakt. 
VI 
Van huisdieren heeft men buitenshuis het meeste last. 
Nijmegen, 12 februari 1982 Egbert Menger 


